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PART I - INTRODUCTION 
(a) 0cneral Introduction
The influence of the environment on the geograpliJ.cal oi? local 
distribution of plants has been studied and discussed for a very long 
time. As knowledge of floras grew, there developed a nafural inter­
est in explaining the distribution of species, and at the beginning 
of the nineteenth century Humboldt interpreted his observations on 
pl.ant distribution throughout tlie world in terms of climate and 
climatic limitations, de Candolle (I855) expanded these ideas, 
emphasising tlie role of temperature in plant distribution. Ihrther 
impetus was gained by Warming (1895, English transi, 1909) who placed 
much stress on water as a controlling factor. The basis of modern 
ideas on the complexity of the environment and the interaction of 
factors has come from Schimpor (109B, English transi, 1905), and since 
then, intensive habitat investigations have been initiated. Sohimper 
pointed out that ’’The oecology of plant-distribution will succeed in 
opening out new paths on condition only that it leans closely on 
experimental physiology and it is from this point of view that
these intensive studies have been carried out.
Schroeter (1926) summarised the results of European workers and 
outlined a fascinating picture of the life of alpine plants. Lundegardh 
(1925, English transi. 1951) has gone into particular detail of the 
nature of environmental responses in plants and vegetation. He con-
2ordered tliat ’’The aim of experimental ecology is the investigation of 
the plants reaction to a given ’constellation- of ecological factors, 
with a view to discovering how the plant behaves in its natural habitat,”
This idea of a ’constellation' of ecological factors has been ex­
panded and very well discussed by Billings (1952). He considered that, 
even although it has been customary for ecologists and plant physiolo­
gists to consider the effect of single factors on the plant, this is a 
rather artificial, though probably necessary, approach. He thinks that 
any study of plant growth and distribution in relation to the envi.Tou­
rnent must consider each factor in relation to the otliers of the complex. 
Every plant species is distributed according to the tolerance ranges of 
its own ecotypes or biotypes. It is thought to grow v;here it does be­
cause the whole environment in time and synce fits its genetic require­
ments, and time and the environment have allowed its seeds oi’ propagules 
to reach that place. As the whole environment varies, then so will the 
communities resulting; from such independent distribution vary gradun,lly 
or sharply.
Billings (1952) sav/ the need for much more autecological work on 
tolerance ranges under field or simulated field conditions since indiv­
idual plants of one or more species are the building blocks of vegetation, 
and although much information has been provided for cultivated plants few 
or no data on tolerance ranges exist for the great majority of wild plants.
Since Schimper (I898), much of the European work in tliis field has 
been of the autecological type with very intensive physiological studies 
in the field. This is even more so today with the work of Pisek,
Tranquillin:i, Larcher and others referred to in other sections. There
have also been extensive studies of this nature in America by Parker, 
Kramer, Kozlowski and others, but it would seem that large scale analysis 
of vegetation and vegetation changes is still, quite prevalent in environ­
mental inves tigations.
An early attempt to correlate plant growth with the environment v/as- 
by S/rensen (1941) on arctic plants in north-east Greenland. In a three 
year study he tried to elucidate the periodical life phenomena of the 
vegetation in an area whose climatic character is entirely dominated by 
the temperature factor. Although, like Billings (l9p2), he pointed out 
that the vegetation does not react to the individual meteorological
factors sejxiratdly, but to tlie total effect of all climatic factors, the 
climate character.”, he considered it justified in studying tlie single 
factor of temperature since vegetation rhythms between activity and rest 
appear to be closely correlated with the temperature climate. Another 
point stressed in his paper was seasonal periodicity, the temperature 
factor itself and its effects being viewed in relation to the seasons of 
the year. He also pointed out that if a plant species is to suivivo in 
the long run, it must in equal degree bo adapted to the temperature 
climate prevalent in its habitat and with seasonal variation in the 
temperature climate. He considered that the unequal distribution of 
species between open, exposed areas and snow covered areas (more species 
on the latter) would seem to substantiate the importance of the thermic 
local climate to the plants.
Although many more studies on the environmental complex with respect 
to arctic and alpine plants have been carried out, it is usually found
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that one or two factors have a predominant influence on the distribution 
of many of these plants. It is proposed to sLudy in detail some of 
these factors as they influence certain physiological processes in these 
plants, and thus delimit the range of habitat of the plants.
Griggs (1946) attributed wind as influencing the altitude of the 
timberlinos in North America. Wind was thought to be an important 
factor in the present upper limits of the Caledonian Forest in the 
Scottish Grampians (Fears, I96G), the level determined by temperature 
alone being significantly modified. Low temperature has been shown to 
influence vegetational patterns in the Rocky Mountains (Daubcnmire, 1945), 
and Pjnus puygens appears to be limited by lov; temperatures because of 
injury to new growth or to reproductive processes (Zobel, I969). Bliss 
(1956) has made useful correlations between the climate near the ground 
and arctic and alpine tundras and has found that higher temperatures near 
the ground in early summer had an important effect on the growth of cer­
tain arctic and alpine plants, though with less effect in the latter.
High soil surface temperatures and deep non-rocky soil in the open, re­
ducing available soil moisture, appear to maintain differences between 
the forest and open environments in Montana (Fatten, I965). Forest and 
Krurnmholz in Central Sierra Nevada are primarily restricted by abrasion 
caused by wind-driven snow and secondarily by high moisture stress and 
other factors (Klikoff, I965). Michaelis (1954) Has suggested that 
frost-drought, due to frozen soil and poor transpirational control by 
immature needles, is the controlling factor in determining the limit of 
the tree-line a,nd timber-line in the Alps. Tranquillini (I967) has
confirmed this hypothesis and his findings are discussed in a later 
section. Troll (1956) has reviewed the influences of water on the 
distribution of plants.
Another influence affecting the growth of plants appears to be 
photoperiod (e.g. Vaartaja, 1959? Millener, I962). Kaszkurev/icz and 
Fogg (1967) found that variations in dates of the beginning and end of 
the growing seasons of Fopulus deltoides and FIatanus occidentalis 
can be attributed to variations in air temperature and photoperiod.
Other environmental studies are reviewed in Billings (1957), 
Tranquillini (1964), Hiosey and Milner (1965), Billings and Mooney 
(1968) and Salisbury et al. (196O). An extensive coverage of climatic 
data and literature is given in the book on micro-meteorology by Geiger
(1965).
Thus it can be seen that within the environmental complex, very 
often one or several factors can. be selected as having the main in­
fluence on the distribution of the plants or on the individual plant 
response. The ability of established plants to resist environmental 
stresses at certain times of the year would also seem to be an imporb- 
ant factor in their distribution. Three of the main factors in limit­
ing distributions or affecting the growth of plants at a particular 
time of the year appear to be the temperature factor, the water factor 
and the light factor with particular reference to photoperiod.
The present study, as well as considering the distribution of the 
heath plants under investigation in light of the results, involves a 
more intensive investigation of physiological processes. It is the
6 .
aim of tl:is investigation to consider some of the more important 
environmental factors (temperature, water and•photoperiod) as they 
affect the physj.ology of a particular group of heath plants, and to 
consider the manner in which the plants have adapted to conditions of 
severe stress with particular reference to their variation in frost 
and drought resistance throughout the year.
(h) Choice of Material and Sites
Material
The genus Vaccinirun has been selected for study because of the 
varied distributions of three species in the group. Vaccinium is a 
widespread, rather large and heterogeneous, genus of more or less shrubby 
perennials, having erect aerial stems and short-petioled, alternate 
leaves that are simple and usually deciduous. In Britain, the genus is 
often a dominant undershrub in forests and woods and a dominant or co- 
dominant on heaths or high altitude moors.
Vaccinium myrtillus L. is a deciduous, rhizoraatous shrub which is 
widely distributed throughout Britain, though less prevalent in the east, 
being absent in East Anglia and the South-East, There is no evidence 
which indicates that the distribution is due to climatic factors as it 
ranges from sea-level (very oceanic) to 4,800 ft, (1,216 m) (high alpine). 
It is very common in the moors and. woodlands of the Scottish Highlands 
and shows its maximum vegetative and reproductive performance in open 
pinewoods (Ritchie, 1956). V, myrtillus is markedly tolerant of shade 
and is thus often found dominant in pine and oak-woods. In the latter
habitats it reaches a height of 60-90 cm. but on montane suTmn:i Is and 
exposed cliffs it is seldom taller than 5 cm. However there is con­
siderable variation within a clone in the latter habitat (bright, 1928), 
shoots in sheltered niches being 3-5 cm. taller than those in fully ex­
posed ones.
Vaccinium vitis-idaoa L. is a rhizomatous, evergreen shrub with a 
more restricted distribution than V, myrtillus, being of a continental- 
alpine type. V, vi.tis-idaea extends from about 500 ft. (152 m) to 
3,500 ft, (1,067 m) in mountainous areas only, and is entirely absent 
from the more oceanic areas, e.g. S.\/. Ireland, The complete absence 
of this species from the heaths of south En.gi.and, which appear to be 
edaphically suitable, would appear to be explicable in terms of climatic 
factors. It has been suggested (Ritchie, 1955) that the maximum summer 
temperature is the factor which shows the most significant difference 
between the southern limit of the plant and those southern heaths from 
which it is absent. Ritchie (1955) also suggests that altitudinal 
limits may be determined by snow cover and exposure to frost since there 
is evidence for this in the mountains of Scandinavia.
V. vitis-idaea attains its maximum reproductive performance in 
pinewoods, and of unshaded habitats is common on rocky ledges and screes. 
It is also an important species in "Vaccinium edge” communities of the 
Pennines, In forests and woods it forms large patches, the shoots
reaching 20-30 cm. in length, and similarly in lowland heaths and drained
bogs. As with V. myrtillus, much variation in single clones on montane
heaths is seen with V. vitis-idaea.
8Vaccinium uliginocnm L. is a bushy plant 2-60 cm, in height. 
having a creeping rhizome and strongish woody, branches. Apart from
a few localities in the Pennines and the Southern Uplands of Scotland, 
this species appears to be restricted to the Central and IhW, Highlands 
of Scotland. At its southernmost limit. It usually has a lower alti­
tudinal limit of about 1,800 ft. (550 rn), though in the north of Scotland 
and in Orlmey and Shetland it grows down to $00 ft. (274 m).
In the S. Central Highlands, V. uliginosum appears restricted to 
rock ledges which are fairly sheltered and moist. Further north it 
occurs in peat bogs and other similar habitats which are not too dry 
(e.g. Burges, 1951).
All three species are very common heath, woodland and montane plants 
on the Continent, and in Britain V, myrtillus and V, vitis-idaea would 
appear to be at their western limit. In Britain, V. uliginosum, which 
is a very important constituent of northern heaths, having a completely 
circumpolar distribution, is at its southern and western limit, (polunin,
1959).
On the Continent, physiological studies have been carried out on 
all three Vaccinium species from an ecological point of view (e.g. Pisek 
and Cartellieri, 1935; Hygen, 1951, 1955%, b), and in the present study 
it is hoped to supplement and complement the researches of these 
Continental workers.
Sa.mple sites - Scotland - see summary Table 2.
Monta.ne habitats
After investigation, a suitable area for sampling all three
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Plate 2. Rock ledge habitat, Ben Lui.
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Vaccin juin species was found on the east side of Ben Lui which lies on 
the Boundary between Argyllshire and Perthshire (Plate 1). On Ben Lui, 
as well as on all other montane areas investigated, it is evident that 
two types of habita')' exist with respect to Vaccinium myrti 1 lus and 
V. vitis-idaea. In the first habitat, rock lodges (Plate 2), both 
species grow quite large with heights of up to 30 cm. for V, myrtillus 
and up to 20 cm, for V. vitis-idaea. The leaves of these forms are 
also large, those of V. vitis-idaea being up to 25 mm. in length. In 
the turf habitat (Plate 3), neither species grows greater than 10 cm. 
in height, though usually about 5 cm, and their leaves are small, less 
than 10 mm.
Investigations have been carried out on the V. vitis-idaea from 
these two habitats and thcit of Loch Katrine, to determine if any signifi­
cant differences in morphological characters could be detected. Char­
acters measured were leaf area, nuiaber of stomata per unit area, stomatal 
length and leaf area ratio (LAP). [ T o  avoid differences between leaves 
on the same shoot, the fourth leaf from the apex of the shoot has been 
examined for twenty shoots.J
Very highly significant differences are seen with respect to leaf 
area and stomata per unit area. The other two parameters are also 
significantly different. The importance of these differences to the 
physiology of the plants is discussed in the section on drought resist­
ance .
Direct measurement of stomata has not been possible with this tissue, 
so a method using surface replicates (cf. Sampson, I961) has been used.
10
Leaf areas have been determined by the cut card method, and result: 
are given in Table 1.
Table 1 Morpho 1 ogicat. measurements of V. _vi tis-idaea 
from three habitats
Character Loch Katrine Ben Lui, ledge Ben Lui, turf
2
Leaf area (mm ) 177.88 112,73 50.89 ■x-x-x-
Stomata (no,/mm') 279,69 554.78 457.54 -X X -X-
Stomatal length (nm) 26,342 26.095 24.448 XX-
LAP (mrn^ , mg ^) 9.16 7.51 9.52 X-
significant difference, p <0.001 
signifloant difference , p < 0.01
-X- significant difference, p < 0,05
On Ben Lui, V, uliginosum grows only on rock ledges which are 
usually quite moist and often have water running over them. It grows
in a well-branched, bushy habit up to a height of ^0 cm.
The ledges have only one aspect and are often sheltered from the 
wind and a.t some times shaded from direct sunshine. On a clear day in 
winter, it has been estimated that many rock ledges (e.g. Plate $) 
receive no more than 1,1/2 hours of direct sunlight.
On the other hand, the turf habitat is often very exposed, end 
tends to dry out very quickly unless the soil underneath is saturated. 
This habitat is much more open than the rock ledges and receives more 
direct sunlight. The turf habitat would appear to be subject to more
Plato 4. Open woodland, Loch Katrine, with 
typical mixed clumps of 
Vaccinium myrtillus and V. vitis-idaea.
11.
severe environmental stress than the rock ledge habitat.
On the rock ledges, pure or mixed stands, of the three Vaccinia 
are very often observed. Other species occurring are Salix herbacea, 
Empotrura nigrum, and Festuca ovina, whilst on the more basic ledges a 
rich bryophyte flora is seen along with calcicolous species such as 
Saxifraga oppositifolia, S, stellaris, Silenc acaulis and Sedum rosea.
The more exposed turf habitat supports a very sparse vegetation in 
comparison with the ledges, the most common species associated with 
V, myrtillus and V. vitis-idaea, being Festuca ovina and the bryophyte 
Rhacomitrium lanugi.nosum,
Samples of V. myrtillus and V, vitis-idaea have been taken from a 
rock ledge at 2,150 ft. (654 m) with a S.E. aspect (Plate 2), and 
V, uliginosum has been taken from a ledge below tliis at 2,000 ft. (600 m) 
with the same aspect. Turf samples of V. myrtillus and V. vitis-idaea 
have been taken from an exposed knoll (Plate 5) at 2,150 ft. (654 m).
Wood 1 and }labi.ta,ts
Two woodland sites have been chosen, one containing both V. myrtillus 
and V. vitis-idaea, the other only V. myrtillus.
Quite open woodland, consisting mainly of oak (Quercus species) and 
birch (Betuia species) is found at Loch Katrine, Perthshire, (Plate 4).
The ground flora consists of large pure patches of mixed V. myrtillus 
and V. vitis-idaea, though in the more open areas Calluna vulgaris is 
dominant, The size of the pla,nts is larger than that of the rock ledge 
types, with heights of both V. myrtillus and V. vitis-idaea up to 60 cm. 
Leaves of V. vitis-idaea are up to $0 mm. long. Vegetative growth in
Plate 5* El aded woodland, Garelochhead, with large
pure stand of Vaccinium myrtillus in the centre
Ai
a
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Plate 6, Open heath, Milngavie Moor, with 
Vaccinium myrtillus and Ptoridium 
aquilinum (top right).
this habitat thus appears to be quite extensive. The habitat is shaded 
and quite dry, especially in the summer. A site v/as chosen on a steep 
slope (50 )^ with a West aspect at 450 ft. (157 m) above mean sea level 
(M.S.L.), 50 ft. (15 m) above the ],evel of the loch.
The second woodland site is situated at Garelochhead, Dunbartonshire, 
The V, rnyrtjllus is situated on the side of a gully (Plate 5) through 
which runs a stream. The gully is shaded quite considerably, especially 
in summer, mainly by oak (Quercus species), but also occurring; are hazel 
(CoryluG avellana), ash (Franc.inus excelsior) and birch (betula species). 
Ihire stands of V. myrtillus are seen, but in places near the edge of the 
gully it is mixed with Erica cinerea and Calluna vulgaris. Vegetative 
growth of V. myrtillus is extensive, with the lengtli of shoots being up 
to 60 cm. The site is more shaded than Loch Ka,trine and is dry. It 
stands 200 ft, (61 m) above M.S.L. on the edge of a gully running in a 
h,W.-S,E, direction. The site does receive some direct sunshine, even in 
summer when the trees are in leaf.
Heath habitat
An open heath site on Milngavie Moor, Dunbartonshire has been chosen. 
Pure stands of V, myrtillus are seen (Plate 6 ), though bracken (Pteridium 
iquilinum) invades many of them in summer. The V. myrtillus in this 
labitat is intermediate in size, growing to a height of about 15 cm,
Lhe site, at 350 ft. (1O6 ni) above M.S.L., is level, very open and exposed 
md tends to be dry. This site was destroyed by fire in April, I969, and 
mother site, similar to the first, was selected nearby,
Sample sites - England - see summary Table 2a,
(Material has been kindly collected by Mr. Paul Tregenza, Malham Tarn 
Field Centre, Mr, Col.in Reynolds, Preston Mont ford Field Centre,
Mr. Malcolm Litterick,, The Leonard Wills Field Centre, and Mr, John 
Griffith, Slo.pton Ley Field Centre),
"Vaccinium edge” community
V, myrtillus and V, vitis-idaea have been collected from a "Vaccinium 
edge" community at Mrulham Tarn, Yorkshire, The plants in this habitat 
arc quite large, with heights of up to 20 cm. like the lodge typos, Ben 
Lui, The si he is on the edge of a raised bog occupying part of a lake 
basin. The boundary between the moss and the tanm is an east-facing,
10 ft, high, eroded peat cliff with "Vacciniujn edge" vegetation on top.
The site is open, and situated 1,250 ft. (580 m) above M.S.L,
Mountain heath habitat
V, myrtillus and V, vitis-idaea have been, collected from a, mountain 
heath community on the Stiperstones, Shropshire. The plants are similar 
in size to those of the "Vaccinium edge" community at Malham Tarn, 
Associated with the Vaccinia are Calluna vulg;aris. HI ex gallii, Melampyrum 
pratense and occasionally Erapetrum nigrum. The site is open and exposed 
on a 5° slope facing west at a height of 1,400 ft, (425 m) above M.S.L. 
Southern heaths
Vaccinium myrtillus has been collected from Dartmoor, Devonshire.
The leaves of the plants are shnilar in size to those on Milngavie Moor, 
Dunbartonshire, but their habit is unknown. With it are associated 
Frica cinerea, Calluna vulgaris. Ulex europaeus and Pterid ium aqu ilinum. 
The site is open on a 5*^ slope facing south-east at a height of 950 ft, 
(290 m) above M.S.L.
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V, myrtillus has also been collected from Ibcmoor in Somersetshire. 
The plants are similar in size to the Dartmoor material but again their 
habit is unknown. The site is on the east side of Exmoor and the
associated flora is mainly Calluna vulgaris. It is very exposed and
lies 1,550 ft, (595 m) above M.S.L.
All sites have been summarised in Table 2^ .with Nations.], Grid.
References given for their location.
(c) Ikivironmontal measuroments
Den Ini
A convenientj ungrazed lodge was found at 2,250 ft, (686 m) which 
supports all three Vaccinium species, and instruments for measuring 
temperature were set up (Plate 7).
A Grant automati.c temperature recorder with nine thermocouples has 
been set up on the lodge (Plate 8) and readings are recorded every hour, 
The positions of the thermocouples are as follows:
(1
(2
(3
(4
(5
(6
(7
(8
(9
40 cm. above ground level, shielded,
Ibiizoine level, cm. below ground level.
50 cm. above ground level, shielded.
Ground level, unshielded,
20 cm. above ground level, shielded.
Taped to stem of Vaccinium myrtillus, unshielded.
10 cm. above ground level, shielded.
Taped to stem of Vaccinium uliginosum, unshielded. 
Taped to stem of Vacciniuin vitis-idaea, unshielded.
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Plate 8. Close up of ledge site, Ben Lui, showing shielded 
thermocouples, leads and temperature recorder box 
inside a heavy polythene bag.
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The shield consists of a small fruit juice can with the ends 
cut out, suspended horizontally inside a soup can also with the ends 
cut out. The outer can was subsequently covered in aluminium foil. 
This arrangement gives an air jacket to stabilise temperature fluctu­
ations due to direct radiation. The thermocouple is suspended 
horizontally inside the small can, Four of these shields are fixed 
horizontally to -a vertical cane at several heights above the ground to 
determine variations in micro-environinerii; close to the ground.
Unfortunately, due to technical faults, measurements have been 
irregular over the sampling period, and it has been necessary to use 
mean temperatures from the nearby weather station at Sloy, and adjust 
those temperatures for altitudinal differences between the Ben Lui. site 
and Sloy, Sixty-six mean daily temperatures at Ben Lui have been com­
pared with the equivalent sixty-six mean daily temperatures at Sloy,
A
The regression equation of Ben Lui on Sloy, Y - 1,1867X - 6,287, 
r = 0 ,9126*^^ (p< 0 ,001), indicates a curvilinear relationship and. it 
has been considered that, since many of the values used in this study 
are in the middle of the range, a practical conversion factor would be 
of more use. For this purpose, the arithmetic mean of the differences 
between individual pairs of values has been calculated and comes to 
5.89^0. This means that mean temperatures on Ben Lui at 2,250 ft. 
(686 m) 8,re approximately 4*^ 0 lower than mean temperatures at Sloy, 
and this correction value has been used in calculating mean weekly 
temperatures on Ben Lui, 4^8 between the two localities is equivalent 
to a temperature drop of 1^0 for every 558 ft. (167 m) increase in 
altitude.
u
g
5
5 cin. below ground level
Ground level
Taped to V. vitis-idaea
20
5
10-
5-
0-
20 22 24
Time of da;^' (hours)
Figure 1, Diurnal variation in temperature, Tien Lui,
20th Lay, I968.
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Little variation between the temperature recorded by individual 
shielded thermocouples has been observed, and the mean daily temper­
atures used in the above regression have been calculated by taking 
the average of the daily means for each of the four thermocouples,
The recordings of the other thermocouples are rather irregular for use 
in a seasonal study but it is interesting to note that a ground-surface 
temperature of 44*5^8 was recorded in June, 1968, and the unshielded 
thermocouples taped to the plants have given readings of up to 95^8 
in that same month.
The diurnal variation of temperatures recorded by four thermo­
couples on a sunny day in late Spring (20th May) is shown in Figure 1, 
It can be seen that the t\io unshielded thermocouples, one at ground 
level and one taped to shoot of V , vitis-idaea, show much larger vari­
ations than the shielded air temperature and subterranean thermocouples. 
It is probable that the temperature of the plants is several degrees 
higher than ambient temperature when subjected to direct sunlight, and 
this may facilitate greater metabolism when the ambient air temperature
is low. The mean air temperature of 20th May v/a.s 2.9^0, with the
otemperature rising above 9 G for only 7 hours,' The unshielded thermo­
couple taped to V. vitis-idaea gave a mean of 4,8^0 and exceeded 9*^ 0 
for 10 hours.
Even at this time of year (late Spring), the sun impinges on the 
ledge for'no more than 9 hours. The very sharp drop in ground level 
temperature between 10,00 and 11,00 hours is due to the disappearance 
of direct sunlight on the ledge. The temperature at rhizome level
15
o
o 10-
c>
f4
■P
fA
&
«3
-t = 5
s
t’O
a :
0
,-"s
C>)
o; 15-
rM
g
*ri IQ­
i~l
r-l
'? S'
rï!
M
Ll
A M'J J A S b j F  MX" T J  • 
1969
ï j  « OT r.âr99«« « f
A S 0 N D
IXt^ 'Ui-e 2. Seasonal course of precipitation end mean
-weekly temperature^ Hen Lui.
r/
shows a lag in response at the beginning of the day with zero or sub­
zero temperatures being maintained for 8 hours, during which the un- - 
shielded thermocouples are approaching their maximum temperatures.
The probable effect of this on the physiology of the plants is discussed 
in the section on drought resistance.
On days with little or no sunshine, the temperature of the un­
shielded thermocouples shows little or no variation compared to that of 
■the shielded ones.
Using the adjustment of 4^0, mean weekly temperatures have been 
calculated for the Ben Lui site and arc presented in Figure 2, A rain 
gauge has also been set up near the site and the rainfall measured 
regularly. These measurements ha,ve also been included in Figure 2, 
each line representing the rainfall for the period since the previous 
measurement.
■All other sites
At no other site have measurements been taken in situ. The mean 
weekly temperature and rainfall data for Loch Katrine, Garelochhead and 
Milngavie Moor have been extracted from the records of the stations at 
Callander, Helensburgh and Springburn Park, Glasgow respectively (see 
summary, Table 4). There is a weather station very close to the site 
at Maiham Tarn and data have been extracted from their records. No 
mean weekly temperatures have been calculated for Stipcrstones, Dart­
moor and Exmoor since records are not easily obtainable, but mean monthly 
figures have been taken from nearby stations as recorded in the 19^9 
Monthly Weather Report of the Meteorological Office. The weather
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Figure 3. Seasonal course of precipitation and mean 
weekly temperature, Springburn Park.
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weekly temperatures Malhara Tarn.
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stations selected to represent the latter three sites arc Shrewshnry, 
Tavistock and liawkhill respectively. Temperature means have heen 
adjusted for altitude where necessary, using a standard adjustment 
of 1°C per ^00 ft. (l^O ni) (cf. Oliver, 1964)* In order to compare 
these three sites with other localities, moan monthly temperatures have 
aJ.BG been calculated for Malham Tain and Milngavie Moor, All five sets 
of data are presented in Table 2,
Table 2. Mean monthly temperatures (^C) at five localities, I969
Locality J
" '“"'i
p M A M J- J A s 0
lilngavie Moor 4 .0 0,3 2,4 6.4 9.3 13.3 14.8 13.3 12.3 11.9
üalham Tarn 2.7 -2,2 0,2 4 .8 8,6 11.4 13.3 13.0 10,9 10.6
îtipers tones 3.4 -1 .4 1.1 3.4 9.2 11 .8 13.1 14.2 11.4 -
btmoor 3.8 “0,1 2.1 3.5 8.9 11.2 13.6 13.2 11.4 10,0
)artmoor 3.4 1.3 4.4 7 .3 9.2 12.7 14.9 14.4 13.2 12.1
Graphs of mean weekly temperatures for Springburn Park and Malham 
Tarn are presented in Figures 9 end 4, along with rainfall measurements. 
The mean weekly temperatures at Helensburgh and Callander differ only 
slightly from those at Springburn Park and have not been presented,
Rainfall does differ, however, and monthly figures from Hovember, 1968 
to October, I969 for five sites are presented in Table
It can be seen that the montane site of Hen Lui is by far the wettest 
area, with Springburn Park, Glasgow the driest area.
A summary of weather stations with National Grid References is 
given in Table 4 ♦
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Figure 5- Seasonal variation in daylength sunrise to sunset.
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Table 4. Location of Weather Sta li on 8
Locality
National Grid 
f e rcpc G
Height above 
sea-level Tempe rature ad jus tment
Den Lui Feet Ïlet res
1) Temperature 
Decorder 27/272269 2250 (684) -
2) Rain gauge 27/274268 2100 (636) —
Sloy 27/324099 40 (12) “4^0 for Ben Lui
Callander 27/634000 590 (107) None
Helensburgh 26/303036 299 (89) None
Springburn Park 26/600606 951 (107) None
Malham Tarn 34/094673 1900 (395) None
Shrewsbury 35/517136 179 (53) -2^0 for Stiperstones
1 Hawkridge 21/077327 1000 (304) -1^0 for Fxrnoor
Tavistock 20/482740 900 (152) -1^0 for Dartmoor
Daylength data has been extracted from tables, and seasonal vari­
ation in photoperiod, sunrise to sunset, is presented for three local­
ities in Figure 5. It can be seen that Scottish localities have 
longer daylengths in summer and shorter daylengths in winter compared 
to those in the south of Eng'land. Daylengths at Malham Tarn are inter­
mediate in length in summer and winter.
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PART II - FIELD STUDIES 
(a) Frost Resists.nog
1, Introduction
The ability of plants to withstand extreme variations in 
environmental factors has been described either as resistance or 
hardiness to any particular factor. Confusion between these two 
terms has arisen, and hero it is intended to use resistance in 
the broad sense of tolerating an unfavourable externa], environ­
ment, hardiness will be used with respect to a more specific 
tolerance of an environmental factor e.g, frost hardiness means 
the ability of the plant to survive being frosted.
Before considering the broader ecological aspects of frost 
resistance, some basic principles will be described. The more 
historical literature on this subject has already been considered 
by Levitt
Causes of frost damage
Injury of plants due to extremes of temperature, either high 
or low, is due to the physiological balance of the plant being 
upset and consequently irreversible changes taking; place in in­
dividual cells. With respect to low sub-zero temperatures, 
several stages can be delimited wi.thin the continuous process of 
freezing and thawing (Mazur, I969).
1, As the temperature drops below O^C, both cells and the medium 
supercool but ice soon forms in the medium. Above -10°C the
21
cell membrane keeps ice from seeding the cell interior.
2, As more external solution is converted to ice, the concentration 
of all extracellular solutes rises and the aqueous vapour pres­
sure falls. Water thus flows out of the cells and freezes 
extracellulo.rly, The resulting dehydration concentrates the 
intracellular solutes and decreases distances between the larger 
molecules. The extent of cell dehydration to maintain equi­
librium depends on the permeability of the cell membrane or the 
rate of cooling. Intracellular freezing will, only occur if 
permeability is not sufficient or if cooling is too fast.
9. There may be large pH changes if solubility is exceeded and 
solutes are precipitated.
4. All free water is converted to ice and all solutes are pre­
cipitated below the eutectic point. Above this temperature,
a cell is immersed in, and also contains, a highly concentrated 
solution whose physical properties differ considerably from the 
no3?mal,
5. Small ice crystals have the tendency to convert to large 
spherical crystals,
6. During warming a reversal of events takes place.
In micro-organisms, abrupt drops in survival found above a 
certain cooling velocity (10^C per minute) are associated with the 
formation of intracellular ice, and the lethality of the intra­
cellular ice depends on the amoimt of recrystallization occur­
ring during warming, with slow warming producing the greatest
22
amount (Mazur, I966, 1967; Sakai and Otsuka, 1967; Sakai and 
Yonhida, I967). Mazur (1969) carno to th.e conclusion that, for 
micro-organisms at l.east, three main factors influenced, the suh- 
s equen t freezi ng in j ury , (a) f orma t i on of in tra cell u. la r ice ( h ) 
subsequent grovrbh of ice during warming, (c) adverse effects of 
solute concentration or of dehydration. The first two are very 
dependent on the rate of thawing and freezing.
Different rates of freezing and thawing also have varied 
effects on the subsequent viability of higher plo.nts, though the 
magnitude of these rates differs from that used with microorganisms.
A slow rate for micro-organisms or a tissue section, 1-2^0 per 
minute, is a rapid rate for whole plants (Levitt, I966). With 
higher plants, subjected rates are usually those found in nature, 
from per hour or loss. Slow thawing of whole plants causes
no damage (viz. micro-organisms) but rapid thawing appears to cause 
damage or en}.ia.nce damage already incurred at an earlier stage 
(Levitt, 1966). Consideration of rates of freezing and thawing is 
therefore essential when formulating an artificial freezing test.
As in micro-organisms, intracellular freezing also usually 
causes irreversible damage in higher plants (Chambers and Hale, 1992; 
Siminovitch and Scarth, 1998; Levitt, 1996; Olien, 1961), Modlibowska 
and Rogers (1999) using the tectmique of cinematography have observed 
this also in a moos. Asahina (1996) in particular has described 
ice formation in many plant species and presents an extensive series 
of photo-micrographs, He found some hardy cells which avoided
29.
intracellular freezing and this confirms the findings of Siminovitch 
and Scarth (199S) that hardy cells avoid intracellular freezing 
better than do non-hardy cells. An explanation for this (Levitt, 1956) 
is the increased cell permeability to water in the hardy cells which 
must permit a more rapid exosmosis of the intracellular water to the 
extracellular ice loci. This is also described by Mazur (1969).
Even if a plant can avoid intracellular ice formation, quite often 
damage is caused by extracellular ice formation due perhaps to exces­
sive dehydration of the cell or to other adverse physical effects 
taking place in the dehydrated protoplasm.
Levitt (1958) comes to the following conclusions.
(i) The plant does not tolerate intracellular ice formation.
(ii) Hardy plants are far more capable of avoiding intracellular 
freezing tljan are non-hardy plants, presumably due to their 
higher cell pcrmeabil.ity.
(iii) Hardy plants are more tolerant of extracellular freezing 
than are non-hardy plants, and the tenderest plants are 
killed by even the slightest amount of extracellular 
freezing.
Detailed discussions of frost injury mechanisms and frost re­
sistance hypotheses are given by Levitt (1956, 1966), Parker (1969), 
Alexandrov(1964) and Mazur (1969).
Experimental induction of frost damage
It is necessary wiien dealing v/itii frost hardiness to have some 
method of measuring the plantas ability to withstand freezing con-
24,
ditions. Measurements in the field of damage resulting from a 
particularly cold winter have been taken as a guide in distinguish­
ing between varieties or species, especially of crop plants (îlewton, 
1922). Since harsh winters occur only occasionally this is rather a 
slow method, and because of this, much use has been made of arti­
ficial freezing' tests. The first workers to use these methods 
were Harvey (19I8) in America and Akerman (1927) in Sweden, This 
method has since been adopted by workers all over the world. Peltier 
(1951) has described his set-up v/hich consisted of three rooms. The 
first was a controlled temperature greenhouse through which cold air 
was passed and this hardened the plants. Next there was a freezing 
room and finally a storage room where the plants wore kept at 2^C 
and subsequently examined for injury. Good agreement has usually 
been obtained between the rating by such freezing tests and by field 
survival (e.g. Kneen and Blish, 1941; V/orzella and Cutler, 1941; 
Meader e_t al. , 1945; Arnirshahi and Patterson, 1956; Wilnor I96O, 
1961), but differences may occur because the field conditions are 
not dupl.icated by the freezing test. In cases where frost injury 
occurs mainly in Spring (Till 1956), the order of hardiness then 
might well be different from that in midwinter or after artificial 
freezing tests.
These artificial freezing tests deal mainly with whole plants, 
but separate plant parts have been used recently (Till 1956) and 
these showed the same frost hardiness as the whole plant. Con­
sequently smaller scale apparatus can be used for these freezing 
tests,
25.
Frost hardiness must he determined under standard conditions 
since, a,s indicated earlier, the frost killing temperature of a 
plant can be varied by changing the freezing and thawing conditions. 
Any comparison of different plants therefore requires a rigid control 
of these conditions.
(1) The plants must be actually frozen, not merely undercooled.
(2 ) Freezing must be at a standard rate,
(5) A single freeze must be used for a standard length of time.
(4) Thawing must bo at a standard rate.
(5) Conditions after thawing must be standardized.
Under these conditions, a relatively constant frost killing 
temperature is obtained for any one variety or species in a specific 
physiological state.
Till (1956) used the method of Ulmor (1997) and Fisek and 
Schiessl (1947). He collected the material (leaves or needles) in 
tin boxes and kept them in a cool place 1-2 hours before placing in 
the freezing Ghambe:r. Natural conditions were maintained by drop­
ping the temperature overnight. The test chamber consisted of a
half litre glass jar with a tight fastening in a Dewar vessel, both
these being contained in an insulated wood vessel. The temperature 
was controlled by an alcohol evaporating machine and temperatures 
less than -18^0 could be obtained by adding solid CO^. Material 
was kept at the desired temperature for two hours. Ten of these 
chambers were usually used at the one time with intervals of 1-2^0 
between treatments depending on the time of year. Thawing was
26
allowed by draining off the al.coiiol and leaving for 10-12 hours. 
Damage was estimated after leaving in water for 10 days In summer,
2-5 months in winter. Cut portions showed no difference to whole 
plants.
A recent test involves the use of deep freezes (living and 
Lanphear, 1967a). They cut up the material from the pre-treatments 
and split it into six samples. One sample at 5*^ 0 served as a control 
and the others were placed in styrofoam boxes in a freezer at -6.5^0. 
When the box temperatures reached. -5^6 all the boxes, except one, 
were transferred to a freezer set at -12.5^0. This process was re­
peated at -17.8^0, -25.5^0 and -29.0^0. The rate of temperature 
drop was 5*^6 per hour. After two hours at each temperature, the 
boxes were removed, hold at 5^C and the material was allowed to thaw. 
The samples were tlcn placed in a plastic container under high 
humidity at room temperature for 56 hours before determination of 
viability.
Determination and calculation of frost killing point
Doth these artificial freezing tests illustrate convenient 
methods of subjecting plant material to frost, but the main problem 
in dealing with this subject is how to measure subsequent viability 
and the method of expressing it.
Older methods of expressing damage involved expressing this
damage at one temperature as a percent of healthy plants, and a
possible numerical rating of hardiness could then be assigned to
particular varieties (Akerman, 1927). This method is relative and 
does not permit comparisons between varieties of different species
27
which may require different freezing temperatures for such a rating. 
An absolute measurement of hardiness is required rather than a 
relative one.
The simplest method of doing this is to determine the frost 
killing point, that is the freezing temperature required to kill 
of the plants (e.g. Schmutz ej^  al. , I961). Other points used 
have been the "ultimate frost killing point" resulting in IOO/0 
killing or the "incipient frost killing point" tho.t just begins to 
cause injury (Pisek, 1958), | but it is now generally acceptedj 
the 5O/::' killing point is the most readily determined and valid point 
Although using a standard freezing procedure the methods just des­
cribed in estimation of injury arc subjective.
There are several methods of quantitatively measuring frost 
injury in plants (Levitt, 1956; Alexandrov, I964) e.g. depression 
of photosynthesis, depression of respiration, cessation of proto­
plasmic streaming, electrolyte release, vital staining, etc. and in 
the present study it was decided to use both an olectrolybe release 
method and a vital staining method involving the reduction of 
colourless triphenyltetrazolium chloride.
Osterhout (l922) who principally used seaweeds, developed the 
electrolyte release method whilst Dexter et al. (195O, 1952) first 
established the usefulness of the technique in measuring the hardi­
ness of plants. They compared the specific conductance of aqueous 
leachates from frozen and unfrozen samples. Subsequent workers 
have also used this technique extensively (e.g. Carrier, 1951;
lïknmert and Hewlett, 1955; Wilner, 1955)- Such Gompa.rlsons are 
useful, but not strictly quantitative since to tail electrolytes 
may vary in different samples. This has been overcome by ex­
pressing the amount of cell electrolytes released by freezing as 
a percentage of total electrolytes released after heat-killing 
(usually boiling) (Stuart, 1959; Wilner, 1959, 19^0, 1961,
Wilner ct al., I96O; McGuire and Flint, 1962; Gordukes ^  al., 
1966). Since appreciable amounts of electrolytes are leached 
from unfrozen samples, the calculation involves subtraction of 
these values from those obtained from i'rozen samples arid is made 
more cumbersome. Bannister (l9?0) has cast some doubt on the 
accuracy of total conductance after heat-killing, however. He 
found that heat-killed material released less electrolytes than 
material which had been 100;4 damaged by drought. He suggested 
that electrolytes may be bound to the tissue in the heat-killed 
material and therefore loss electrolytes will be leached out.
Various ways of expressing the results obtained have been 
attempted in the last few years, one of the most satisfactory 
being that of Flint e_t al, (1967). This method of calculation 
has been used during this study, and is described in detail below.
The unfrozen sample is given a value of zero and the heat- 
killed sample a value of 100, The scale is called the "Index of 
Injury" and is calculated as follows :
?9
■ T  = 100(R^-Ep/(1-Rp ; = l / q  ; R, = L^L^.
where
= Index of injury, resulting from exposure to 
temperature (t).
= Fractional release of total electrolytes from 
samples exposed to temperature (t),
R^ = Fractional release of electrolytes from unfrozen 
sample.
= Specific conductance of leachate from samiple 
frozen at temperature (t),
- Specific conductance of leachate from sample 
frozen at temperature (t) and then heat-killed.
L  ^ Specific conductance of leachate from unfrozen o
sample.
= Specific conductance of leachate from unfrozen 
sample, heat--killed.
Substituting and simplifying
If samples are uniform then and are identical,
i.e. p  = 100(p-Lp/(l5^-Lp
After determining I^  for a series of freezing temperatures, 
the temperature required to give any selected can be found by 
interpolation. This temperature can be used as an expression of 
frost hardiness in the absence of a true frost-killing temperature.
The second method used in this study to determine frost injupi^ r
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is the Uvse of tétrazolium (2 ^ 3 ^ 5~triphenyltetx‘azoliurn chloride or 
TTO). Colourless solutionsi of this chemical are reduced to red 
water-insoiuhle formazan within the cells of many plants and has 
been of interest to biologists for almost thirty years. Smith 
(1951) has reviewed the subject of TTC in relation to enzymes and 
staining of plant tissue, TTC has since been used qualitatively 
by many workers in testing for viability of tissue (e.g, Parker, 
1953; brown, 1954; harcher and Eggarter, I96O; lirrcell and Young, 
1963; harcher, 19^9), the latter workers distinguishing subject­
ively between varying degrees of tétrazolium reduction. Recently 
the TTC test has been put on a quantitative basis by Steponkus and 
Ia,nphear ( 19(^ 7 ) , They used samples of a standard fresh weight 
from material previously subjected to a stepwise freezing procedure, 
and. incubated them in a standard buffered solution of TTC, The 
formazan formed in the tissue was extracted, compared spectrophoto- 
metrically with that formed in the control and expressed as a per­
centage of the control, by interpolation, absolute values of frost 
hardiness were obtained and tissue sui:vival at a later date was 
estimated,
Frost hardiness in the field
'Ttiere is a large literature on seasonal variation of frost 
hardiness in the field and its ecological relevance, and reference 
only will be made to selected papers. Reviews of this subject 
include Levitt (l95&), Biebl (19^2) and Parker (19^3)*
Ulmer (l93?) in a thorough study of the hardiness of several
species of woody plants, found that species near the tree-line 
in the Austrian Alps had resistances somewhat different from one 
another at almost any time of the year. For example PJ.nus cemhra
o .in midwinter could not he killed by G, v/hilo Rhododendron 
ferrugineum v/as resistant to about ~28°C and Vaccinium vitis-idaea 
resistant to -24^C. In summer they wore very susceptible, being 
killed by temperatures as high as ( Va.ccinium yi.tis-i.daoa) .
All the curves parallel.ed the curve of daily temperatures through­
out tiie year. These findings have been confirmed by Pisek and 
Schiessl (l9d7) and Pisek (1950). They both suggested that the 
species with the lower frost-hardiness in winter' are susceptible 
to winter-killing unless they are covered with snow.
Hardiness may be modified during the coldest months by brief 
warm spells, Pisek (1950) found this with evergreen trees and 
Chaplin (l94C) with peach fruit tree buds, Hamage during; winter may
not be due to low temperature but to winter drying because of frozen
soil causing; large water deficits in the plants (Schimper, 1898;
Clements, 1938; Michael, 1966), Pisek and lurcher (195^) found
that the frost hardiness of Pinus cembra. Rhododendron ferrugineum 
and Loiselcuria procumbens parallels their drought hardiness and 
this appears to be quite a common phenomenon. Heciduous trees and 
shrubs also go through the same seasonal changes, though the in­
crease in hardiness in the autumn is more marked when the leaves 
Tall off (Till, 1956; Parker, I962).
Paylength as well as temperature has an effect on frost hardi-
h/.
ness, short days are more effective in hardening than long days. 
Moschkov (1935) believed that hardiness of some woody plants is 
directly influenced by day-length, and Kramer ( 1937a) indicated 
that winter killing of Abelia hedges near bright street lights 
was due to the failure of the Ahelia to cease growth and become 
hardened. Photoperiod appears to be more important at the end 
of the growing season than at the beginning and long days can 
prevent hardiness developing (lluystee e_t ah. , I967).
Apart from other environmental factors, another complication 
to add to an already complex situation is that the hardiness re­
sponse depends on the developmental stage of tlic plant (Levitt,
1956, ^^ 6G), Young material is much less hardy than more mature 
material because of an. age effect which is independent of any ex­
ternal influences on that tissue. Low temperature treatment has 
no effect on the hardiness of newly formed buds of evergreens which 
may survive -30^0 during winter (V/inkler, 1913), and changes in 
hardiness may not follow temperature changes at certain times of 
the year (Ulmer, 1937), Larcher (19&9) found that shoots of 
Quercus ilex show a greater ability to become frost hardened in 
winter as the tree ages. Luring the first five winters that hardi­
ness progressively increased, and full capacity for frost-resistance 
is not reached until the plant enters its reproductive phase. The 
roots did not change their resistance pattern with age.
All these factors are taken into account in this study of 
seasonal variation in frost-hardihess of the three Vaccinium species
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and also an attempt is made to determine if any relation exists 
with their drought-hardiness, Conclusions are drawn with regard 
to the ecological importance of variations in frost-hardiness 
throughout the year.
2, Methods
Cut slioots of the cui\rent year's p^rowth of the three Vaccinium 
species, measuring about 7.5 cm. long (maximum), have been taken 
from the field and stored overnight with bases in water in closed 
jars at a temperature of 5°C in the dark. It has been sxqygested 
that plants suffering from a water deficit have a greater frost 
hardiness (Levitt, 195<c; Appendix 1 ), thus all tests have been 
conducted with saturated plant material.
Artificial freezing procedure
After oveinight saturation, external water is blot Led off and 
the samples are subjected to a standard, stepwise freezing procedure. 
Two Grant low temperature baths are used ('Plate 9b), with 'JOfo 
industrial spirit as coolant. Temperatures as low as -35^0 can be 
attained with temperature fluctuations at any temperature of to,1°C. 
Rates of cooling and thawing and the post-treatment remained standard 
throughout ail determinations of frost hardiness as discussed in the 
introduction.
The cut shoots are stored in large jars in one bath (Plate 9j) 
and subjected to a cooling rate of 2-3°G per hour. This is similar 
to that encountered in the field. The second, smaller bath is set 
at the first temperature treatment. When the temperature of the
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large bath has reached that of the first treatment, a small sairiple 
of material is placed into the glass containers (Plate 9g) and 
transferred to the small bath as quickly as possible to prevent 
thawing taking place. The temperature in each container is moni­
tored ' with a mercury-in-glass thermometer and after equilibration 
has taken place the material is left at that temperature for 3/4 hr. 
After this treatment, the containers are removed from the bath and 
the material allowed to thaw for ten minutes at room temperature 
(around 19°G), after which each sample is placed into 25 ml. dis­
tilled water in a 25 x 150 irm, heat resistant test tube, The small 
bath is then set at the second treatment temperature and by the time 
this temperature ho,s been reached, the large bath, which has been 
cooling in the duration, has also reached this temperature, A 
second small sample of material is then transferred to the small 
bath and the procedure repeated for successively lower temperatures. 
An untreated control sample of material is taken straight from stor­
age at 5^0 and placed in a test tube in 25 ml. distilled water. A 
typical freezing series is x5^C (control), -4^ , -8^, -12^, -16^, -20^ 
and -24°G. Tv/o replicates are taken for each sample at each treat­
ment, and the material is left at room temperature in the distilled 
water for 24 hours. After this period of time, the damage is esti­
mated by the following two methods, mentioned in the introduction. 
Measurement of the frost-killing point
(l) Electrolyte release method
If this method is used, the material is usually cut up iimnedi-
Table 6, Estimation of Vaccinium uliginosum (shoots)
Ben Lui. 1st September, 19^9
Electrolyte Release Method
Treatment Conductance
Total
Conductance Index
Mean
+ 5^0
40
54
288
320
0.068
3.533
1.800
" 1.1°0 3950
282
269
0.000
5.521 2.760
- 3.6°G
66
71
290
277
10.361
13.696 12,028
- 7.2°G
219
188
248
248
86.429
71.923 79.176
-10.2°G
350
357
370
402
93.727
87.009
90.568
-13.2°G
308
330
336
360
90.329
90.329 90.329
-16.3°G 273
291 92,821 92.821
100
60-
20'
-■20
t emp era tare (^  G)
Figure 6, Estimation of V. ullginosum (shoota)
Bon Lui^ 1st Se%3toz:iber^  .
F]. GC troly te release method
oo
oLr\
1^-10
(D
1-PW
(1)
I— !
0
5-
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20
2 5
Y = 0.996% - 0.289 
r . 0.9906*** (p<0.001)
"2 0 -15 10
lîrnpirlcal value of (^O)
Figure 7, Regression between visual estimates of t^^ and
empirical values of t^Q estimated by 
electrolyte release method.
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ately before placing in the distilled water but after thawing has 
taken place. This facilitates the release of electrolytes in 
damaged tissues. Stem sections are cut to a maximum of 2 rnm, in 
length and leaf sections and whole shoots to a maximum of 3 mift,
After 24 hours the conductance of the leachate is measured for each 
sample. In this study, a Lock conductivity meter is used with a 
platinum-in-glass measuring cell. Kach tube is then covered with 
aluminium foil, to avoid excessive water loss, and the material is 
heat-killed by au toelaving. Autoclaving has been found a more con­
venient method of heat-killing then boiling, and also more efficient 
since more electrolytes are released by this method compared v/ith 
boiling (Carpenter ej. aJ. , 1963)0 Twenty four hours after auto­
claving, each sample is made up to 23 ml. if necessary and the total 
conductance measured. By using the method of Flint ej, al, (196?), 
mentioned in the introduction, an "index of injury" (l) can be cal­
culated for each sample. By interpolation, the temperature at which 
I - 90 can be estimated (Table 6; Fi^ pire 6), and this estimate 
corresponds with subjective estimates of damage observed just before 
autoclaving. This empirically derived terrperature is considered to 
be equivalent to the 50/^ frost-killing point and is designated t^^.
A regression equation has been calculated for 13 values of t^ ^, 
correlating empirical values of t^^ with visual estimates of t^^.
A highly significant correlation is found, with r - 0.9906 signifi­
cant at the 0 .17a level (p <0.001 ) (Figure 7 ).
Subjective estimates of damage were made by assessing the proportion of 
damaged tissue (browned or blackened) on each leaf, and calculating 
the mean value. This procedure was carried out also when calculating 
subjective estimates of damage in the drought resistance section (see page 73).
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Table 7. Estimate of t50- :tillus (steins)
Stiperstones. 21st November. 1968
Tétrazolium Method
Treatment
+ 4.6°C
4.1°G
- 8.2°C
12.1°G
16,2°C
-20,2°C
-24.0 C
Absorbance
at
1.42
1.52
1.28
1.24
1,04
0.89
0.90
0.79
0.53
0.50
0.47
0.46
0,41
0.32
Percentage
Absorbance
100.00
92.96
87.32
90.14
73.24
62.68
55.63
63.38
37.32
35.21
32.39 
33.09
28,87
22.53
Mean
96,480
88.730
67,960
59.505
36.265
32.740
25.700
lOOl
0
B
Io
teraporature (°C )
Fi^ pare 9. J’^Gtimation of br_, V, myrtilluo (stems) 
Sbiperstones, 21sb November, 19&8,
Tetra%o1ium mo the d
6(2) Tétrazolium method - modified from Steponkus and Lanphoar (1967),
After leaving whole shoots, whole leaves or whole stems in dis­
tilled water for 24 hours after freezing treatment, each sample is 
cut up and two 60 mg* (fresh weight) samples are weighed out.
Cut sections are the same size as those in the electrolyte release 
method. Samples a,re then placed in I6 x I50 mm. heat-resistant test 
tubes and to each of these is added % 0  ml. of 0.6p, (w/v) TTC in 
0.Q6M Na^HPO^-Klh^PO^ buffer (pH 7,4) t 0.05/ (v/v) wetting agent 
(Brij 55). The samples are infiltrated under vacuum for 5/4 hour 
and then incubated at $0^0 for 15 hours. After this period, the 
solutions arc decanted and the tissue washed twice with distilled 
water to remove any remaining TTC solution. Five ml., 95/ 
ethanol is added to each sample and the formazan extracted by placing 
tubes in a water bath and boiling for 15 minutes. The extracts are 
then cooled and made up to 10 ml. with 95/ ethanol.
The absorbance of each solution is measured on the spectrophoto­
meter over the range 4OO-8OO nm (mp), A peak is found at about 
485 nm (mp) which is the wavelength of the absorption peak of re­
duced TTC (steponkus and Lanphear, I967), but as there is interfer­
ence by other plant pigments at this wavelength (Figure 8), it was 
decided to use a wavelength of 5OO nm (mp) at which to compare samples. 
The absorbance of each sample is expressed as a percentage of the 
control and by interpolation, a value is obtained at which absorbance 
of iireatment/absorbance of control = 50/ (Table 7; Figure 9) #
Usually this was found to correspond with subjective estimates of
J I
damage (r 0.8709^^* [p< 0,001 ]) and the value obtained (in °C) is 
considered to be equivalent to the 50^ 6 frost killing point. This 
value will also be designated t^^.
Discussion
(a,) Electrolyte release method
Negative indices are quite often obtained because l.ess leachates 
or a greater total conductance occur in one of the treatments as com­
pared with that of the control. In these cases, the sample which bar, 
the lowest conductance and the highest total conductance is used as the 
basis of the calculation (Table 8). This new calculation gives no 
negatives and only slightly changes the subsequent indices of injury.
As the values increase, the error becomes pro])ortionally loss and very 
small,
Table 8. Indices of injury calculated for Vaccinium vitis-idaea
Ben lui, lodge type, 1st September, 19^9.
Treatment A. Index based 
on control
B. Index based on 
treatment II B - A
0.000
-1.551
2.415
0.899
2.415
2.440
-1.1°C -1.441 
-2.467
1 ,066 
0.000
2.447
2.467
0.170 2.580 2.410
— u • 8 G -1.554 1.055 2.447
72.594 72.958 0.670- {,2 0 70.057 78.586 0.529
-10,2°C 76.59463.710
77.159
84.105
0.565
0.595
84.466 84.841 0.575
-13.2 C 79.411 79,908 0.497
-I6 .3”c 04.291
82.045
84.670
82,478
0.579
0.455
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It has also boon found possible to use small samples of stems 
(about 50 rag) by placing them in 10 ml distilled water instead of 25 ml. 
All determinations of t^^ in stems collected in duly, I969 to January, 
1970 have been estimated using this modification.
(b) Tétrazolium method
As with tho electrolyte release method, one of the treatments, 
very often the first treatment below zero, has a higher absorbance than 
the control. To keep the values between 0 and 100, this treatment has 
been used (where relevant) as a basis for determining percentage absorb­
ance of the other treatments. This is the reason why the controls very 
often have a lower value than some of the subsequent treatments.
Quite often it is found that the absorbance of an extract is too 
great to remain on the spectrograph. In these cases, a small amount 
of the extract is diluted with 95/-^ ethanol and the dilution factor noted. 
Errors may be induced if care is not taken with this dilution.
Both the electrolyte release and tétrazolium methods have been 
found to correspond quite well, bd/o frost killing points determined by 
botli methods usually being within I^C of each other (e.g. Table 9)»
fable 9, Comparison of the two viability tests
Vaccinium vitis-idaea. Stiperstones, 51.5.69
Treatment 100 “ Index (Mean) Ab s 0 rban ce ( Me an )
100.000 96.211
-5.5°C 94,157 98.865
-5.9°C 71,927 02,954
-9.0°C 17,452 26,894
-12,0°C 11.129 56.742
-i5,o°c 15.576 21.969
^50 -7,2°C -7.6°C
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Although greater values at the lower temperatures are often found 
with the ÏTC test, it is considered that, for statistical analyses and 
convenience of use, all indices in the electrolyte release method will 
he subtracted from 100 to equate the results obtained by this method 
with those from the TTC test. This means that a scale of escape from 
damage as a percentage of undamaged material is used here.
In this study, no indication will be given that a parLicular j^Ofo 
frost-killing point has been estimated either by the electrolyte release 
method or by the tétrazolium test since -
(a) the tests have been equated by the method 
mentioned above,
(b) it is considered that the t^^'s measured by 
either test are equivalent.
Very occasionally, values have been obtained from which no t^Q 
iould be estimated since the values ranged only from 100 to 50 compared 
/ith the normal 100 to 0, Rrom subjective estimates of damage it was
bund in nearly every case that a )^0/o frost-killing point could be
>btained if was used. However, to compare these sets of data with
he normal sets of results, a conversion factor had to be found where
'70 - "^50* l^'ke following empirical conversion has been found:-
Converted value = M s£Sye| y alu.e)f
The correlation coefficient, r  ^0,9578, between visually estimated
values and t^ .^  values obtained after conversion is highly signifi- 50 58
ant (p<0,00l).
4 0 .
(a) Analysis of variance (Appendix 5)
This was used to determine if the variation in frost hardiness 
throughout the year of each species at each site was significant or 
due to random fluctuations in the population. Comparisons between 
sites have been attempted using both analysis of variance and t-test 
methods.
(b) Mu 11ivariate regression ana 1 ysi (Appendix 5)
By calculating the regression of a dependent variable Y on inde­
pendent variables  X^ , the relative influence of each
X on the variation in Y can be determined, and also the significance 
of this influence. The calculation has been done in this study by 
considering the variation in t^^ for each sample throughout the year, 
and determining the influence of at least the two independent variables, 
temperature and photoperiod, on this variation. Other variables in­
cluded in some of the analyses are rainfall and age of material.
Calculations involving two independent variables X^  and X^ have 
been carried out on a desk calculator, but more than two independent 
variables has necessitated the use of a program on the English Electric 
ibP 9 computer at Glasgow University.
Variation in t^^ for each site is represented graphically, a dis­
tinction being made between different year’s growth where relevant. 
Results of analyses of variance and multiple regression analyses are 
represented in tabular form.
'O'*"
oo
o
whole shoots 0  
sterns alone 020-
1968 growth 0 
1967, 19&9 growth (3
V, vitis-idaea
19691968
Fif^re 10. Seasonal variation in frost hardiness,
fen Lni, lodge forms.
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5. Results
Analysis of variance has been carried, out on the variation in 
frost hardiness of all samples and an example is given in Appendix 9*
In all samples, higlily significant differences have been found for the 
freezing time interaction, i.e. the damage induced by a certain level 
of freezing varies in determinations done at different times: this
difference is equivalent to a difference in t^^ value. Least signifi­
cant differences general.ly indicate a significant difference of about 
I^C between t^^ values in summer and a significant difference of about 
between t^^ values in winter within any individual sample.
(i) Ben Lui
Figure 10 shows the variation in frost hardiness of ledge forms of 
Vaccinium m.yrtj. 1 lus and V. vitis-idaea .
It is seen that both species have a ].ow resistance in summer and a 
high resistance in winter, the greatest resistance being in November 
(V. vitis-idaea) and February (V, myrtil.lus). The fluctuations in 
V. vitis-idaea during late winter and spring coincide with fluctuations 
in temperature (Figure 2), especially in I'ebruary when there was a period 
of sub-zero mean temperatures. The sharp drops in Autumn 1968 and 19&9 
in V, myrtillus are due to abscission of leaves, the stems being more 
riardy than the leaves by that time of year. As soon as the mean temper­
ature rises above zero in mid-March, large decreases in hardiness are 
seen in V. myrtillus. Frost at night at that time of the year seems to 
lave little effect in maintaining the frost hardiness, the increasing 
laylength coupled with the higher temperatures during the day appearing
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Figure 12* Seasonal variation in frost hardiness, Ben Lui.
to have the main influence. Variation in frost hardiness in V, myrtillus 
at least, seems to parallel the variation in temperature and daylength 
(Figures 2 and 5), but little distinction between these two factors can 
he made at this stage.
Figure 11 shows the variation in frost hardiness of the turf forms 
of V. myrtillus and V, vitis-idaea. Little difference is seen in the 
hardiness of these forms compared to the ledge forms, though V, vitis- 
idaea, turf form, has not responded to the low temperature spell in 
February and appears to lose hardiness earlier than V, vitis-idaea. ledge 
form*
The young material of V. vitis-idaea. turf form, appears to be more 
susceptible to frost than that of the ledge form which is about 
hardier. The previous year’s grov/th of the turf forms appears to be 
more hardy in June than the ledge forms and in V. myrtillus, turf form, 
it is seen that the stems are more hardy than the leaves in August, tw^ o 
Tionths before leaf drop in October,
In Figure 12 is shown the variation in frost hardiness of V, uliginosum, 
Vs with the other Vaccinium species, the greatest hardiness is seen in 
'/inter and the least in sumirier, with a raa,ximum susceptibility obtained 
Ln September, Differences between young and old material, and sterns
md leaves of the same year’s growth are seen very clearly. The main 
difference between this species and the others seems to be its much greater 
"ange of hardiness, V. uliginosum, although just as susceptible as the 
)ther species in the summer, attains a hardiness of -53^0 compared with a 
laximum of just over -15^0 in V, myrtillus, ledge form, and with the other 
pecies rarely exceeding -1$^G. This ability to harden to a very low
45.
level appears to be a feature of hardy arctic and alpine perennials,
(cf. Billings and Mooney, I968).
Multiple regression analysis (Appendix 5) has been used to relate 
four environmental variables (X^, X^, X^ and X^) to the variation in frost 
hardiness (t^^) where -
X^  = mean temperature of the 7 days before date of sampling,
Xg = mean daylength of the 7 days before date of sampling,
X^ = age of plant in days from bud-break,
X^ = mean rainfall (inches per day) for the 14 days before
date of sampling,
y = predicted t^^ value for any specified values of X^, X^ ,
X^ and X^,
Results obtained using the KDF9 program include regression coef­
ficients, variance ratio for the regression and all sums of squares and 
products. These have been expressed in Table 10 and percentage variation
A 2 2iue to the regression has been calculated ( X y  / Z y  x IOO) (see Appendix 5), 
IS well as the significance of the regression from the variance ratio.
Another program, using the Elliott 4IOO computer at Stirling University 
:as calculated the significance of the contribution of each individual 
factor to the regression. After this calculation for the whole regres­
sion, non-significant factors are removed and the regression recalculated 
"or the factors remaining. This is repeated for several levels of signifi­
cance from 10^ (p<0.l) to 0,1^ (p< 0.001 ) and the results are presented in 
kible 11.
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coefficients, Ben Lai.
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Vvil Vml Vu Vvit Vrnt
h 0.62 0.88
1.58 0.77 0.51
h 1.35 2.66* 1.55 5.17*
h
0.99 1.50 0.52 1.86 1.29
h
0.98 0.67 0.15 0,58 0.05
5^  ^significant
(pco,05) none ^2 %1 h h
1 ';o s igxii.f ican t 
(p<0,0l) none ^2 %1 h h
, significant
(p< 0.001) none %2 none h h
* = p < 0.05
In Table 10, it is seen that the regression is highly significant 
in three species but not significant in V. vitns-ida.ea and V > uiiginosum. 
This is probably a tru,e result in the V. vitis-idaea, since the percent­
age contribution of the regression to variation in frost-hardlness is 
extremely low, and also no factors are singled out (Table 11).
However, in V. uliginosum, percentage contribution of the regression 
to variation in frost hardiness is quite high and the non-significance is 
probably due to the small number of t^^ values in the regression, causing 
1 decrease in the degrees of freedom and thus a greater residual mean 
square. In the total regression, no factor is significant in V, uligin- 
)sum (Table 1l), yet is singled out down to the \'p level of signifi­
cance. This apparent paradox infers that there is an interaction between
45
factors and that the multiple regression analysis may be masking the 
individual contribution of temperature. From Table 11, it looks as 
if Xg (daylength) could be the factor interacting with X^  (temperature) 
but by calculating the single regression between these two, a non­
significant correlation was fo^ und (r - 0,550?). The single correlation 
of Xg (daylength) and Y (t^Q value) v/as found to be significant, however, 
[r = 0 .7329* (p<0 ,05)] and this relationship has been masked by the 
multiple regression. It is thought that although Interaction between 
factors is non-significant, the interaction is sufficiently large to 
allow this masking to take place.
Accepting that this masking does occur occasionally but that it is 
possible to recognise it because of the apparent paradox it creates, it 
is seen from Table 11 that the predominant factor is daylength in 
V. myrtillus both ledge and turf forms, and V, vi.tis-idaea. turf form, 
rind this factor also has the highest t-value in V . vitis-idaea, ledge 
[’orm, thoug}] it is not signifleant.
Temperature is the predominant factor in V, uliginosum. being highly 
significant, though as has been stated, daylength is also significant at 
:he 5;'^ level, but has been masked,
)iscuss ion
From earlier analyses, using the two parameters of temperature and 
aylength only, a difference was found between those Vaccinium species 
rowing on the ledge and those on the turf, the former being more influ- 
need by temperature. Differential snow-cover between the two sites was 
bought to be a reason for this difference, the turf site- being more
/.lb
insulated from air temperatures. Since the additiona,! results of late 
summer and autumn I969 and the extra parameters have been added, the 
influence of the temperature factor is seen to decrease in all cases 
except V. uliginosum. with the daylength factor being dominant in the 
others. It would appear from this that the daylength factor has the
greatest influence throughout the whole year but that the temperature 
factor is effective only at certain times of the year. Insufficient 
values have been taken to determine the relative influence of those two 
factors at various times of the year, but the fact that frost hardiness 
of V, myrtillus lodge and turf forms, and V. vitis-idaea ledge form, 
responds to temperature fluctuations in February suggests that temper­
ature may have more influence during late winter and early spring, 
though it is evident that lengthening days have an effect also.
ïranquillini (1964) has suggested, in addition to the yearly curve 
of frost resistance being determined by tlie temperature history of the 
alpine plant, that this curve may be influenced by an internal annual 
rhythm* This has seemed likely from the work of dimer (1957) and 
Tranquillini (1958) who both found that dchardening had occurred during 
the spring in branches which were buried in snow and thus were under 
constant temperature conditions. Tranquillini (I964) also suggested 
that the possible effect of changing day length ho.s not been eliminated 
as a controlling factor.
In all the sajaples from Ben Lui, except V. uliginosum, it has been 
found that changing daylength is the main factor in controlling frost 
hardiness, with no evidence of am internal rhythm. Since light can
penetrate snow to some depth, the dehardening found by Ulmer (1937) and
H /
Tranquillini (1958) was probably due to changing daylength.
On the Continent, snow cover has been found important in those species 
which do not harden greatly, including V. myrtillus (cf. Havas, 1969) and 
V, vitis-idaea. which has been found to harden to only -24*^ C (Ulrnor, 1957). 
This requirement for snow cover is thought by the latter worker and other 
Continental workers to be due to a sensitivity to frost by those species 
at the very low temperatures prevalent in winter in the alpine areas■ 
studied. This suggests that, genetically, these two Va.ccinium species 
are able only to reach a certain limiting level of hardening, thus causing 
limitations to the areas in which they can survive.
On Ben Lui, V. myrtillus and V. vitis-idaea appear to harden only 
by a margin just great enough to avoid frost damage at any particular time 
of the winter, but this hardening; does not appear to be as great as those 
Vacciniura species at lower altitudes. This is discussed more fully Inter.
No difference in hardening is observed between the forms growing on 
the turf and those growing on the ledge, although it is thought that the 
turf forms are more insulated from the ambient teinpera/tures by a covering 
of snow, the larger ledge forms usually protruding through the snow and 
are fully exposed. This is emphasized by the fact tha.t V. vitis-idaea, 
turf fox’m, has dehardened to less that -8*^ C by the middle of Karch 
(figure 11), yet minimum temperatures of to -8^0 occurred on four
occasions after this date with no observed damage to this form. Snow 
was observed to lie at a depth of 5 cm. or more from mid™January, 1969 
to mid-April, I969 with only a brief clear spell in February. Thus, 
snow cover may be essential for survival, even on Ben Lui, especially
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as daylength is the main factor influencing the frost hardiness.
Vacciniuin u 1 iginosum, al.though being partly influenced by changing 
daylength, mainly responds to temperature.
It must therefore be presumed that when Tranquillini (1964) refers 
to the yearly curve of frost resistance being determined by the temper­
ature history of the alpine plant, he means a true a.lpine plant such as 
V. uliginosum vri.th a large hardening cEipacity rather than an alpine of 
restricted capacity such as V. myrtillus or V. vitis-idaea,
(ii) Scottish sites oil 1er tlian Ben Lui
Figure 1^  shows the variation in frost hardiness of V, myrtillus 
md V. vitis-idaea. Loch Katrine, As before, both species show sus­
ceptibility to frost in summer and hardiness in winter, especially winter 
1969* Frost hardiness is well below minimum air temperatures at any 
lime during winter, especially in V. myrtillus. Both species appear to
)e fully dehardened by the middle of April before the new buds have ex- 
)anded. Bud-break has occurred in V. myrtillus by the beginning of 
pril, V. vitis-idaea appears to be less hardy than V. myrtillus during 
inter 1968-69 but only by a small amount. Variation in temperature and 
aylength (Figures 3 and 5) appears to parallel the variation in frost 
ardiness but no subjective distinction can be made between the effects 
f these two environmental factors.
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Tahle 12, Regression equations and significance of regression.
Loch Katrine, Milngavie Moor^ Garelochhead and MalViam Tarn
Species Regression equation ÿo variation due to regression
Variance 
ratio (f )
Significance of 
regression
Vvi Kat
Y = -24.7902
- 1.2520X^  4 2 .4186X2
- 0 .0j)84X^ +54.9517X^
85.75 9.05 * (p<0.05)
Vm Kat 
Vm Miln
Y =. -50.0920
4 o,0748X^ 4 0 .9570X2
4 0 .0105X3, 424.2919X.
84.51 6,72 * (p<0.05)
Y - -41,0055
- 0.1699X^ +
+ 0.0199%/ +63.919OX2 4
81,99 7.97 (p<O.Ol)
Vm Gare
Y -15.9214
4 0 ,5565X1 0 .5219X2
- 0 ,0025X3 4 2.0852X
J
81.60 4,45 Not significant
Vvi M'îLn
Y = -15.4059
4 O.O8O8X1 4 0 .5420X2
- 0 .0151X2 - 0.2549X,
88.20 11,21 (p<0 ,0l)
Vm Malm
Y = -10.5414
4  0 .4144X1 - 0 .1414X2 
- 0 .0161X2 4  51.6890X^
87.44 8.70 * (p<0,05)
Vvi Kat Vaccinium vitis-idaea. Loch Katrine 
Vm Kat = V. myrtillus. Loch Katrine
Vm Mi In - V, myrtillus, Milngavie Moor
Vm Care ~ V. myrtillus, Garelochhead
Vvi Malm ~ V. vitis-idaea, Malham Tarn
Vm Malm = V. myrtillus, Malha.m Tarn
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Figure 14 shows the variation in frost hardiness of V. myrtillus, 
Garelochhead, and V, myrtiilus, Milngavie Moor. Although of similar 
hardiness in the summer, the material froi.'i these two different ha,bitats 
show very distinct differences in winter, the form growing on the open 
moor possessing a much greater hardiness. Greater exposure to environ­
mental extremes in the moor habitat is probably the cause of this dif­
ference, the material at Garelochhead being very sheltered.
To determine the influence of the same four environmental factors 
as on Ben lui, multiple regression analysis was carried out on variation 
in frost hardiness for the material from Loch Katrine, Milngavie Moor and 
Garelochhead. The results are presented in Tables 12 and 15 in the same 
manner as for the Ben Lui results,
Table 1$, t-values and significance of Individual regression 
coefficients - Loch Katrine, Milngavie Moor.
Garelochhead and Malham Tarn
Vvi Kat Vni Kat Vm Miln Vm Gare Vvi Malm Vm Malm
b 5.54* 0.22 0,51 1.00 0.94 1.81
b 4 .64** 2 .95* 2,89" 0.85 2,17 0.42
b 2.7)* 1.38 1 .10 .0,19 3.06* 1.90
b 4 .05** 2.54 2,26 0.15 0.03 2 .65*
J significant 
p<0.05 b >  b '  b ’b b b> b b Xg, Xj b
) significant 
p<0.01
b- b b b b g b
significant
p< 0,001 none none none none b  . none
* p< 0.05 p< 0,01
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Results indicate (Table 12) tliat the percentage variation in frost- 
hardiness duo to the regression is high in all cases and sigiiificant 
except in V. myrtillus, Garelochhead. The latter exception appears to 
he similar to the situation in V. uliginosum (Tables 10 and 11 ), v/here 
non-significance is due to the small number of t^Q values. Interaction 
is also seen in Garelochhead material (Table 15) with (daylength) 
probably the factor interacting with (temperature) which has been 
retained..as significant down to the 1yc level. Correlation of X^ and Y 
(t^Q value) gives r = 0 ,7556'^' (p<0 .05), and regression of on X^, 
gives r = 0.6088^ (p<0,05). Thus, interaction between temperature and 
daylength does occur and this causes the multiple regression to mask the 
contribution of daylength, significant to the 9/^  level.
From Table 15 (Scottish sites only), daylength appears to be the 
predominant factor, wàth the exception of Garelochhead material which 
appears to be more influenced by temperature. Compared with Ben Lui, 
these lower altitude samples are also significantly influenced by another 
factor - rainfall. In V, vitis-idaea. Loch Katrine, the influence of 
rainfall is as significant as daylength, though the t-value for daylength 
at the 1/ level is greater than that for rainfall. V. myrtillus, 
Mlngavie Moor, is also influenced significantly by rainfall. Although 
lot significant at the 9/'^ level, rainfall contributes to V. myrtillus. 
Loch Katrine, at the 10/.. level. It would seem that in these three 
samples at least, periods of low rainfall have caused significant in­
creases in hardiness. Table 5 indicates that low rainfall in December 
1968 and February-March 1969 could have influenced the level of hardiness
51
in these samples (Figures 15 a,nd 14). Prom Table 5, it is also seen 
that rainfall for Ben Lui is 2-4 times greater than the lowland stations 
for these same months. Altogether, at least twice as much rain falls on 
Ben Lui compared to the lower altitude stations. It is probable that 
water shortage rarely occurs at high altitude and no stress will be 
caused inducing a hardening of the plant.
Vaccinium vitis-idaea. Loch Katrine, appears to be significantly 
influenced by all the factors. Shading perhaps has modified the day- 
leng;th effect, allowing the other factors to contribute to a greater 
extent.
The possibility of shade causing a difference in the effects due to 
daylight probably contributes in part to the predominant influence of 
temperature on the Garelochhead material. liven in winter at this site, 
the light is reduced considerably. In such a stable, sheltered environ­
ment it would seem that temperature is able to exert the greatest in­
fluence on the frost hardiness of V. myrtillus.
Discussion
As with the Ben Lui material, it would seem that low altitude forms 
are also mainly influenced by daylength, but Garelochhead material appears 
to be more influenced by temperature for the reason mentioned above. The 
nuch lower rainfall at lower altitudes appears to influence frost hardinesf 
bo a significant level, higher altitudes receiving too great an amount for 
m  effect of water shortage to develop.
One of the main differences between the lower altitude forms of 
Ï, myrtillus and V. vitis-idaea (excepting V. myrtillus. Garelochhead) and
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those of higher altitudes is that the lower altitude forms appear to 
harden to a greater extent in winter. This is surprising especially 
since temperature extremes are greater at the higher altitude. A pro­
bable explanation for this involves the shorter growing season at the 
higher altitude.
Plate 10 shows shoots of Vaccinium myrtillus collected at different 
altitudes on Ben Lui on 19th May, I969. It is seen that although the 
shoot at 2,000 ft. (85O m) has broken bud, no growth has taken place.
An increase in growth with decreasing altitude is also seen. This is 
due to the decreasing temperature with altitude and it illustrates the 
shorter growing season caused by lower temperatures at higher altitudes. 
It has also been observed that leaves of V . myrtillus at higher altitude; 
turn yellow and fall off earlier in autumn than those at lower altitudes,
The length of time that mean temperatures exceeded 9^0 on Ben Lui 
was 190 days in 1968 and I70 days in I969 (Figure 2), wherean at Spring- 
burn Park this length of time was 216 days in. I969 (Figure 9), This 
again illustrates the shorter growing season with altitude.
Tranquillini (1967) has suggested that frost-drought damage occurs 
in Pinus cembra in late winter because of frozen soil and poor trans- 
pirational control due to immaturity of the needles. The very short 
growing season at high altitude was thought to prevent the needles from 
maturing fully.
Similarly in the present study it is thought that the short season 
for growth at 2,290 ft. (684 nr.) on Ben Lui, prevents V. myrtillus and 
V. vitis-idaea from maturing fully and thus they do not respond fully
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to hardening conditions. It has heen shown previously (e.g. Levitt,
1956, 1966) tliat the response to hardening conditions depends on the
stage of development of the plant, and it is probable that immature plant;
3o not respond to hardening conditions as efficiently as mature plants,
Vaccinium uliginosum appears to have fully matured in the short
season on Ben Lui, and thus is more adapted to that particular habitat.
This hypothesis concerning; immaturity due to short season is further
substantiated by growth cabinet studies (see later) where after 85 days 
o3,t 5 8, V. myrtillus and V. vitis-idaea are still continuing to grow 
Aihereas V. uliginosum has stopped growing.
It is thought that short seasons at higher altitudes, causing in­
efficient responses to frost hardening conditions may be the cause of 
iltitudinal limitations in V. myrtillus and V. vitis-idaea. This would 
probably make snow-cover essential for survival in winter at altitudes 
3ven greater than those sampled on Ben Lui,. It may be more critical for 
vitis-idaea since this species has not the added protection of leaf 
abscission in autumn.
[iii) Hnglish sites
Figure 15 shows the variation in frost hardiness of Vaccinium 
nyrtillus and V. vitis-idaea. Malham Tarn.
As in all the others, the greatest resistance is seen in the winter 
md the most susceptibility in the summer. The greatest hardiness 
reached in V. myrtillus is in March and the greatest hardiness reached 
Ln V. vitis-idaea is in January-March and barely exceeds -15^G.
The results of multiple regression analysis are given in Tables 12
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and 1^ . From Table 12 very high percentage variation due to regression 
is seen in both species with significant regression in both cases. From 
Table 13, the factors significantly influencing V. vitis-idaea are day­
length (down to the level) and ago (down to V/c level). The coef­
ficient of the latter is negative however, meaning that the old material 
is the least hardy. Values show an upward trend (dehardening) from the 
beginning of the sampling period (Figure 15) and only a few values have 
been obtained for young material which is very susceptible to frost.
The reason for the significant, negative regression with age in V. vitis- 
idaea is therefore due to most values occurring; during the dehardening 
stage. It does not mean that young material is very frost hardy. It 
is thought that this factor does not actually contribute to variation in 
hardiness but is more a side-effect of the regression. Day 1.ength thex^ e-
fore appears to be the only factor significantly influencing the variation 
in frost hardiness of V, vitis-idaea.
In V, myrtillus, however, the only signifleant factor is temperature 
(to the level), although (rainfall) is retained at the 10;o level.
Figure 16 shows variation in frost hardiness of V. myrtillus and 
V. vitis-idaea, Stiperstones, and Figure 17 of V, myrtillus, Exmoor and 
Dartmoor. All four of these sa,m%)les show very similar hardiness patterns. 
Only two environmental parameters, mean monthly temperature and daylength, 
have been available, and using these, multiple regression analysis has 
been carried out on the four samples. Results are shown in Table 1/|. 
Significance of individual factors has not been calculated because of the 
yery small number of samples in the regression. However, standard partial
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regression, coefficients (p) (see Appendix 5) have been calculated for 
each factor, compared and expressed as a percentage.
Very high percentage variations in frost hardiness due to regressions 
are seen, and this is due to the very small number of sajaples in the 
multiple regression. The variance ratio indicates high significance in 
all cases except for V. vitis-idaea, Stiperstones, which is not signifi­
cant, By calculating' the standard partial regression coefficients (p) 
it is seen that daylength has a very marked influence on variation in 
frost hardiness in all samples, temperature only having a small contri­
bution.
The range of frost hardiness in those samples from Malham Tarn, 
Stiperstones, Exmoor and Dartmoor appears to be very similar, with the 
greatest hardiness exceeding -1t^C on only two occasions. There is no 
evidence of immaturity in these sa,mples, even though they do occur at 
altitudes of 500 ft. (273 zn) or greater. The fact that V. myrtillus, 
Malham Tarn responds more to temperature may indicate that this sample 
is ma. tu re and responding to hardening conditions (viz, V, uliginosum.
Ben Lui), It is thought that the hardiness developed in these samples 
is optimal for the conditions under which they are growing, with daylength 
naving the predominant influence except in V. myrtillus. Malham Tarn,
[he greater length of day a,t more southern latitudes after the equinox 
In September (Figure 5) may prevent hardening from fully developing;. The 
Longer daylengths before the equinox in March at southern latitudes pro- 
)ably cause early dehardening and breaking of dormancy to occur. This 
Ls substantiated by blie fact that the more southern samples of V. myrtillus.
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for example at Dartmoor, Exmoor and Stiperstones, have dohardened to 
-10^C by the beginning of March, whereas V. myrtillus, Malheim Tarn reaches 
this level at the end of March, and V. inyriri 11ns, Milngavie Moor at the 
middle of April (Figure 18); r  ^O .9676 is not significant because of 
the small number of points. Since mean temperatures at these different 
latitudes do not differ greatly (labl.e 2), it is thought that this length­
ening of the growing season with decreasing latitude is due to longer day- 
lengths at certain times of the year at the more southern latitudes 
(Figure 5). This is supported by grov/th cabinet studies (see later).
/|. General conclusions
From the multiple regression analyses, daylength is found to be the 
factor most influencing the frost hardiness in nearly all cases, the 
shorter being the daylength, the greater the frost hardiness. The 
temperature factor is predominant in Vac c in ium uligino su m. Bon Lui,
V. myrtillus. Garelochhead, and V. myrtillus, Malham Tarn, Shortage of 
rainfall at lov/land sites in Scotland also significantly contributes to 
an increase in frost hardiness.
Inefficient hardening caused by immaturity due to short growing 
seasons at 2,250 ft. (465 m) on Ben Lui, is thought to be the reason for 
the lesser hardening of V. myrtillus and V. vitis-idaea a/t this altitude 
compared with lowland sites, which do not suffer the same environmental 
extremes, Altitudinal limits of distribution therefore may be caused by 
the inability to survive frost damage in winter by these two species.
Snow cover may be essential for survival at higher altitudes in V. myrtillus 
and Y. vitis-idaea, especially in the latter.
57,
Studies on the frost hardiness from sites at different latitudes 
indicate an increasing length of season with •decreasing latitude and 
the longer daylengths at more southern latitudes in late September may 
prevent frost hardiness from fully developing. Both these suggestions
are supported by growth cabinet studies.
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(b) Drought Resistance
1. Introduction
Water has been known to play an important part in the distribution 
of many plants for a long time (o.g. Warming, 1095; Schimper, 1898) and 
on the basis of distribution,three distinct types of plant have been 
designated. Hydrophytes are plants of habitats with an abundant water 
supply, xerophytes are tlioso of dry habitats and mesophytes are those 
in between with an average water supply. These three types sliow dis­
tinct differences in their morphology and their physiology with respect 
to water relations. It is the purpose of this section mainly to dis­
cuss ways in vdiich the physiology of plants is affected by water stress 
and how, by differing responses to this stress, plants show different 
distributional and ecological patterns.
Terminology
There appears to be a greater confusion in the terminology of 
drought resistance than that of frost resistance. The term drought 
resistance has been most commonly used in an all-inclusive sense to 
describe all plants suitable for growth in dry conditions no matter what 
the mechanism of resistance (e.g. î'iaximov, 1929). Yet there is some 
tendency to use the term in a more restricted sense. For example,
Tumanov (192?) states that drought resistant forms can tolerate per­
manent wilting without injury for a longer time than non-resistant 
forms.
Iljin (1930) introduced the term ’’desiccation resistance”
("Austrocknungs-resistenz”) and defined it as the lowest relative
59
humidity with which the plant can come to equilibrium without suffer­
ing damage, Hof 1er pi. aD. ( 19d 1 ) also used, this term, but at the 
sajTie time preferred the word '‘Du.rreresistenz” for drought resistance. 
Stocker ( 1956a) has used the to.rm ’’protoplasmic resistance”
(’’plasmatische Durreresistenz”) and this probably should be used only 
for resistance of the protoplasm itself. Other terms used o.re ’’drought 
tolerance" (e.g. Bay les et a_l. , 1957; Levitt, 1965) and "drought endur­
ance” (e.g. Shanz, I927). In keeping with the terminology used in the 
frost resistance section of the present study, drought resistance will 
be used in a generic, all-inclusive sense of the ability of a plant to 
remain alive during drought. The ability of plants to survive desic­
cation v/i.ll bo called "drought hardiness" (Levitt, 1956), Biebl (1962) 
discusses the terminology in more detail.
Literature
Lh,rly work on plant-water relationships is reviewed in Maximov 
(1929) and Kramer (1949) and many reviews since then have widened our 
knowledge of the subject. Modern reviews on the subject include those 
on drought resistance (Levitt, 1956; Parker, 1956, 1968; Stocker, 1956a; 
Iljin, 1957; Oppenheimer, I96O), water deficits and physiological pro­
cesses (stocker, I96O; Vaadia pt al., I96I; Henckel, I964), cell water 
relations (Slatyer, 1962), water economy and hydrature (V/altcr, 1955), 
water stress and plant growth (Kramer, 1965)9 and determination of water 
deficits in plant tissues (Barrs, 1968), There have also been many 
books compiled on this subject e.g. Huhland (195.6), Kozlowski (1964, 1968) 
and Slatyer (1967). This study will deal only with the aspects of plant 
water relations which come under the heading of drought resistance, with
particular reference? to the ability to-reduce water loss and the ability 
to endure dehydration as factors contributing to survival.
Drought resistance is a quantity that has been measured in many- 
different ways and the data obtained can be evaluated only if there is
a clear concept as to whether the method measures avoidance, tolerance
or total drought resistance. Avoidance is the ability of the plant to 
exclude the drought from its tissues and tolerance is the degree of 
drought within its tissues that it can survive (i.e. drought hardiness). 
These two aspects are considered in more detail.
Water balance and its measurement
The response of plants with respect to water is directly controlled 
by the internal water balance which is affected by the relative rates of 
transpiration and water absorption. No single factor affects the water 
balance but it depends on the complex of plant, soil and climatic factors. 
Thus a given response of a plant with respect to its water relations can 
be measured by determining the internal water balance and this is usually 
done by measuring the water deficit.
The methods of measuring and expressing water deficits have been and 
still remain a source of confusion in the field of plant-water relation­
ships. A water deficit is represented by two parameters, the content of 
water and the energy status of the contained water which is expressed as 
the total water potential. To describe a water deficit completely, both 
these should be measured but as water potential is difficult to determine, 
water deficits.are often expressed only in terms of water content. It 
has been maintained that water content of plants does not give a satis­
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factory measure of water deficits (o.g. Kramer and Brix, 19&5; Weather!ey, 
1965) but Macklon and Weatherloy (19^5) ^nd Barrs (1966) have suggested 
that this may not a].ways be so vdien overall gradients are the only 
factors considered. Relative water content (see later) may be a 
relatively insensitive measurement of water deficits at high water 
potential values according to Slatyer and tlcllroy (1961), but the re­
lation between the tw'o parameters was not always the same. Until more 
proof can be obtained, it v/ould seem that water content continues to be 
a satisfactory way of measuring water deficits, and is used in the pre­
sent study.
The measurement and expression of water content has been, and still 
is, a problem in. plant physiology when comparisons between plants have 
been necessary. Water content must be expressed as a fraction or per­
centage of some basic value. Two of these basic values which have been 
widely used are oven dry weight and fresh weight.
Dry weight has often been used (e.g. Hiller, 19IY ; Pisek and 
Cartellieri, 19^9; Kramer, 1997b) and still is (e.g. Satoo, 1962;
Tranquil1ini, 1969a;Ratakeyama and Kato, 1969), but it is often un­
satisfactory since dry weight may not remain constant either for the 
short duration of an experiment or particularly for long term seasonal, 
studies, Chaney and Kozlowski (1969) have measured seasonal variations 
in actual moisture content, moisture content as percentage of dry v/eight, 
and dry weight of three types of fruit and found tliat the percentage 
moisture content was variously influenced by actual water uptake or loss, 
change in dry weight or both of these. They concluded that percentage
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moisture content alone is not an accurate indicator of internal water 
balance but must bo interpreted in relation to both water v/eight and 
dry weight changes of tissues.
Fresh weight has also been widely used as a basis for the expression 
of water content, but the errors due to dry weight changes are still 
present (e.g. Halevy and Monselise, I969), and the extent of changes in 
actual water content, especially large ones, tend to be re duo ed (iiattas 
and Pauli, 1965).
The best available basis for expressing plant water content would 
seem to bo relative to the water content at full turgor.
Stocker (1929) first introduced this technique for measuring and 
expressing the relative moisture content of leaves and twigs, and made 
a preliminary survey of variation among species, particularly wi.th. re­
spect to drought resistance of plants. He calculated the water deficit 
(Wassor-defizit) (WD) as,
Tjp. Satura.tod weight - fresh weight ^ 100 
Saturated weigiit - oven dry weight
i.e. the water deficit is the water uptake by a freshly picked leaf as a
percentage of the water content of the same leaf when fully turgid.
Since Stocker, many workers have adopted and modified this calcu­
lation for their own purpose and have confused the measurements and 
terminology in this field (e.g. Halma, 1999; Idvanari and Richter, 1997; 
Stalfelt, 1961). Weatherley (1990) developed a nev/ expression and a 
nev; method for measuring water stress in field plants. He punched 
discs from cotton leaves, obtained the fresh v/eights and floated the 
discs on water until they became saturated. After oven drying he
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calculated the "relative turgidity" of the leaves »
Relative turgldlty  ^ ^ 100
 ^ Saturated v/eignt - dry weight
This is the complement of Stocker’s water deficit, i.e. V/I) - 100 - RT
A1though many workers have used this technique successfully,
relative turgidity has suffered the same fate as Stocker’s water deficit
in being modified (e.g. Fraser and Dirks, 1999)* The term "relative
turgidity" also has been criticised on the grounds that it suggests some
connection with turgor pressure (Walter 19^9; Slavik I966) although 'there is; 
direct |
little/connection , Weatherley (1969) considers the ambiguity of the 
term and supports the renaming of the term as "relative water content"
(RWC). This latter terminology and its determination will be used in 
the present study. An error in the measurement of full turgor is that 
water uptake may continue after full turgor has apparently been attained; 
but this is fully discussed in Barrs (1968).
Avoidance of water deficits
Slatyer (1955) has shown that the superior drought resistance of 
grain sorghums over cotton and peanut is due to drought avoidance, and 
his results point clearly to the two main factors in drought avoidance: 
resistance to water loss and increased water uptake. By regulating 
these two. factors, the plants can maintain a favourable internal water 
valance. In the present study only resistance to water loss will be 
considered with particular reference to stomatal closure as this has been 
?ound to be the most efficient method of reducing or preventing water loss 
[e.g. Stocker, 1956b; Milthorpe, 1960).
The importance of excessive water loss has been recognised since
6< ,
Schlmper (IG98) v/ho stated, "Physiological drought is caused by oxterual 
factors which either reduce absorption or which favour transpiration, or, 
and this the most frequently, there is a combination of these influences," 
When investigators measured transpiration rates they found, (unexpectedly), 
that xeromorphic plants usually had the highest rates (Maximov, 1929). 
Maximov ('1931) attempted to correlate transpirational behaviour with leaf 
anatomy or ecological status of the plants and failed to determine any 
pattern. Working with Ericaceous plants^ Schratz (1932) also failed to 
differentiate between different ecological types on the basis of trans­
piration rates. This failure led Maximov (l93l) to conclude "It is not 
the rate of transpiration when an abundance of water supj)ly is present, 
but the capacity to restrict water loss to a minimum in time of drought 
that characterizes the water utilization of the xerophyte,"
This type of response to drought stress in plants has been measured 
by depriving shoots of water and following the decline in transpiration 
by gravimetric means, Hygen (1951, 1953&, b) has used this method 
successfully and the method used in the present study is a simplified 
modification of his technique and calculations.
Following the loss in weight of cut shoots, pretreated to ensure 
saturation and open stomata, Hygen mathematically analysed his "trans­
piration decline curves" to obtain several transpiration parameters.
He also divided the "transpiration decline curve" into three phases, 
stomatal, closing and cuticular phases. Using these pai:araeters he 
successfully distinguished between Vacciriium myrtillus samples from 
different habitats (Hygen, 1951), and between V. myrtillus, V, uliginosum
b).
8,n.d V. vltds-idaea. (lïygen, 1939a, b) which were considered to be 
inesophytic, hygrophytic and xerophytic types respectively.
The computations in this method are laborious and all Hygen’s 
measurements were on a fresh weight basis. Simplified modifications 
of this technique using saturated water content as a basis of measure­
ment have been used by Pisek and Winkler (1959), Jarvis and Jarvis 
(1963a, b), Bannister (1964), Lopushinsky (1969) and Hutchinson (l970). 
These workers, using controlled conditions, extrapolated the linear 
stomatal and cuticular phases and determined, by■ Die point of inter­
section, a critical value for stomatal closure. In the present study, 
the method of Bannister (196 )^ is used and is described more fully in 
the next section.
Tolerance of water deficits (drought hardiness)
Although xorophytes are often characterized by striking morphological 
and anatomical features compared to mesophytes or hygrophytes (e.g. Maximov, 
1929; Oppenheirner, I960), it was soon realised that the ability of plants 
to endure dehydration was a major factor in their drought resistance 
(Maximov, 1929; Iljin, 1990). Maximov (1929) states " .... results 
indicate that the capacity of enduring prolonged wilting is one of the 
most important of the characters the sum total of which determines drought 
resistance in plants. If this is so, the internal physico-chemical pro­
perties of the protoplasm would appear to play the principal role in 
drought resistance, rather than the more superficial morphological or 
anatomical peculiarities of the plant." This idea has been followed up, 
for example, by Oppenheirner (1992), Hof1er _et ah., (1941), Levitt (1996)
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and Stocker (1956a). 11jin's mechanical concept of drought injury
(Iljin, 1930), in which the protop]_asmic layer is thought to rupture 
on excessive dehydration, has been supported, for example, by Hof1er 
(1950) who stated that death results from desiccation more because of 
mechanical causes which are dependent on the construction of the cell 
wall, the thickness of the wall coatings and the size of the vacuole 
than upon the inner characteristics of the plasma as such, but he 
stressed that it is difficult to distinguish between the resistance of 
an entire cell and that of its protoplasm alone. This latter difficulty 
has probably contributed to the formulation of other hypotheses of 
drought injury and hardiness, reviewed in Levitt (1956, 1958), Parker 
(1956, 1968) and Stocker (1956a). It is thus probable that the atmos­
pheric desiccation method, so commonly used to test tissue, measures 
the entire cell and perhaps tissue hardiness, instead of the hardiness 
of the protoplasm alone.
Measurement of drought hardiness
This will be discussed only with reference to the method used in 
the present study - water absorption capacity after droughting to various 
water deficits. Other methods of measurement are reviewed in Levitt 
(1956), Parker ( 1956 ) and Stocker ( 1956a) .
Using the method of Stocker (1929) for measuring water saturation 
deficits, Oppenheirner (1932) and Hof 1er et al. (194I) have developed a 
technique of measuring the "sub-lethal" water saturation deficit in the 
former, and the "critical saturation deficit" in the latter case, 
Oppenheirner (l932) found that when 5‘“10>6 of the leaf tissue was covered
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with necrotic spots, the "sub-lethal" water deficit had been reached. 
Rewatering and measuring da.mage substantiated this. Hof 1er et al.
(1941) determined the water deficit at the drought killing point where,'
, , . . , , fresh weight at... -, , , . saturation weight - ... ^critical saturation criticai point  ^ 100
deficit saturation weight - dry weight
These procedures h.ave been used successfully, for example by Pisek and 
Berger (l938), Rouschal (l938) and Pisek and Winkler (1953)« Recently 
Pharis (1966) and Pharis and Ferrell (1966) have used lethal needle 
moisture content RT) as a.n indicator of d.arnage to conifers, and have 
determined differences in drought hardiness. Bannister (l9?0) has used 
lethal moisture contents to determine differences in hardiness of 
Vacc inium myrtillus.
Oppenheirner and Mendel (1934), however, working with leaves of 
Citrus sinensis, found that no necrotic spots appeared as an indication 
of'bub-lethal" water deficits, but the leaves just gradually lost their 
colour. They considered the water-absorbing capacity of damaged, wilted 
leaves and suggested that the degree to which the water-absorbing capacity 
is lost may give useful information about the amount of injury suffered 
at wilting.
Arvidsson (l95l) has surveyed the critical water saturation deficits 
of many plants on the Baltic island of Oland, and has also used, to a 
certain extent, the criterion of water-absorption after droughting to 
determine injury. He found that the water-absorption capacity was re­
duced before drought damage appeared, and that the amount of damage and
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the reduction in water-absorption capacity appeared to be quite well 
correlated. In Convallaria rnejalis and Maianthemum bifolium. he 
found that when 5*~10)ù of the leaf tissue had been damaged, the level 
to which the leaves resaturated after replacing them in the moisture 
chambers was 85-95^ of the saturated water content.
Recently, Oppenheirner (1963) has discussed the technique of measur­
ing resaturation deficits after wilting in several Mediterranean ever­
green trees and shrubs. He found that serious damage In detached 
leaves set in when about 35y of the water content at saturation is lost. 
Less wilted leaves were found to approximately regain their initial 
weights on rehydration. This point, above v/liich leaves regained their 
initial weight but below which a deficit remained in the leaves after 
rehydration^ Oppenheirner called the "permanent turgor loss point" 
(PTLP), Below this point he found the number of damaged cells in­
creased steadily, producing an increased "water resaturation deficit" 
which was more or less linearly related to water loss beyond the FTLP, 
Rychnovska-Soudkova (l9b3), Rychnovska and Kvet (1963, 1965) and 
Rychnovska (1965) have studied the reversibility of the water saturation 
deficit as one of the methods of causal phytogeography of different 
species of grass. They found (Rychnovska and Kvet, I965) that a con­
tinental type of gra.ss (Stipa) fully recovered from water deficits over
quite a large range but that irreversible changes occurred beyond a
/
certain deficit. But with an oceanic type (Chrysopogon) they found 
that an increase in water deficit brought about an increase in the water- 
holding capacity of the leaf tissues but irreversible changes also took
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place. They considered that the former type would seem advantageous 
to long rainless periods but the latter type would seem to favour meso- 
phytic conditions (oceanic) where only short periods of drought have to 
be survived. Bannister (19?0) has also used resaturation responses to 
distinguish successfully between different types of heath vegetation.
In this present study, this resaturation method is used as an 
indication of the tolerance of the Vacciniurn species to desiccation,
i.e. as a measure of their drought hardiness.
Field studies
As with frost resistance, the literature on drought resistance is 
immense and only selected papers with reference to heath and alpine 
plants will be considered here. Other papers are reviewed in Pisek 
(1956), Stocker (1956b) and Biebl (1962).
Many of the early studies of the water relations of heath and alpine 
plants and their ecology (e.g, Huber, 192^; Stocker, 1923, 1931; Firbas, 
1931 ; Pisek and Cartellieri, 1933; Michael is, 1954j Cartellieri, 1933; 
Ulmer, 1937; Pisek and Schiessl, 1947) have been concerned with seasonal 
transpiration rates, osmotic potentials, natural water deficits and 
seasonal critical water deficits or critical water contents,
Biebl (1962) and Tranquil lini (1963$ have both cited Larcher (l93?) 
who has gathered together all measurements of natural water content by 
Pisek and his co-workers, carried out near Innsbruck during several years 
from January to April. Larcher (1937) has compared those findings to 
the annual trend of resistance to dehydration measured by Pisek and 
Larcher (1934). Hatural dehydration was seen to be at its maximum
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between February and April with the water content of mature Finns cernbra 
and Picea excel sa needles and of the leaves of Loiseleuria procumbens 
remaining well above the level of dehydration injury. however, tlie 
water deficit of leaves of Phododendron forrugineum was seen to exceed 
the critical, limit on several occasions. It v;as thought that the dif­
ferences arc due to different requirements for snow cover. Mature pine 
and spruce would appear to survive winter drying in snowless environments 
below a limiting altitude but Rhododendron seems to have a dependency on 
snow cover and grows only in such places which are covered with snow 
reliably and for a long period in winter. The rhizomo/tous habit of 
Loiseleuria. making more use of melted surface water, was thought to 
contribute to its survival in snowless areas. These differences in re­
sponse to desiccation and snow cover have explained differences in vego- 
tational composition in the alpine areas studied.
Tranquillini (l9o7) has confirmed the hypothesis of Michaelis (1934) 
that immaturity of needles due to the short growing season contributes 
to greater frost-drought damage and is probably a lapge factor in deter­
mining timber and tree lines in West Tyrol.
He suggests that because of the short growing season at that alti­
tude, controlled by decreasing temperature, the needles of Pinus moniana 
and Picea excelsa are unable to mature fully. Thus they cannot control 
transpiration efficiently, with the result that larger water deficits 
develop, especially since water absorption is impeded by deep frozen 
soil on sites with only light snow cover. The older more mature needles
see Appendix Z
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appeared to be more drought resistant than the young needles (Tranquillini, 
1967, Plate 2).
Hygen (1933a) studying the water relations of three Vacoinium 
species, has found very pronounced differences with respect to trans­
piration. He has found that the xerophytism exemplified in Vacciniurn 
vitis-idaea is associated with -
(a) a comparatively low transpiration rate in plants with 
well open stomata,
(b) a very rapid closing reaction as a response to water loss,
(c) a great percentage reduction in transpiration rate by 
closing of the stomata resulting in
(d) an extremely low cuticular transpiration rate.
The comparatively hygrophytic Vacoinium uliginosum he showed to 
have the opposite characters in all these respects, wliile V. myrtillus 
(mesophytic) showed characters in between these two,
Bannister (1964) has shov/n that the characteristic vegctational 
pattern of Erica cinorea, E, tetralix and Calluna vulgari.s which grow in 
dry, wet and intermediate habitats respectively, can be explained by the 
responses of these plants to water stress. Stomatal closure points of 
E. cinerea and E. tetralix were found to be significantly higher than 
tliose of Calluna. However, when comparing stomatal closure points of 
Calluna from dry, moist and wet habitats, it was found that there was a 
significant difference between dry and other sites but not between moist 
and wet, the lowest closure points being found in the dry habitat. It 
was suggested that Calluna from drier sites is adapted to that particular
habitat not by greater transpirational control but by an ability to 
forgo a degree of stomatal protection for the sake of coTitinuod assimil­
ation. Stomatal closure points have thus been shov/n useful in differ­
entiating between different species and also reflect the environment in 
which the plant has been growing.
Similar conclusions are found for the transpiration of plants grow- 
ing in situ (Rychnovska and Kvet, I963). The most xerophytic form 
(Festuca dorninii) showed no control of transpiration whereas the more 
oceanic Corynopliorus showed a much, greater control.
With many of these points in mind, the v/ater relations of the three 
Vacciniurn species arc followed in the present study v/ith respect to differ­
ent responses at different times of the year, and these responses related
to the habitat differences between and within species,
2. Methods
Material is brought into the laboratory from the field and individual 
shoots are stood in water in closed 73 r 16 mm polythene tubes. Few 
measurements have been taken of fresh weights in the field since it v/as 
not possible to standardise the time of day at which collections were 
made. Because of this, any seasonal variation in relative water content 
(RWG) which might have been.found would be difficult to distinguish from 
diurnal variation in RWC. After overnight saturation in the dark at 
room temperature, with a short period of hours daylight in the morn­
ing, each shoot is removed from its saturation chamber, blotted dry and
v/eighed. The saturation treatment and short period of light are thought
to induce wide-open stomata (Hygen 1951).
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Figure 19. Determination of stomatal closing point^ Vacciniurn 
vitis-idaèa , hen Lui^ lodge and turf formis, 5-“4"^9.
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Measurement of stomatal closure
Saturated shoots are placed In an incubator at 28 and
illumino/bed with a 100 watt bulb. Loss in weight is followed at half 
hourly intervals for three hours, by which thiie the stomata have closed. 
V/eighingsare made on an automatic balance. Dry vreights are then 
obtained by oven drying the shoots at 103^0 for 3-3 hours.
The RV/C is calculated for each weighing (e.g. V/eatherley, 1930)j 
and a graph is drawn of RV/G against time (e.g. Bornister, I964);
(Figure 19a)« Bach point is the mean of four replicates. The rate 
of loss per quarter of an hour is measured frojn this graph and plotted 
in Figure 19o, extrapolating; the initial rate of loss (stomatal
phase) and the final rate of loss (cuticular phase), the time of 
stomatal closure is determined. By relating this time back to the 
first graph of RWC/time, a critical value for stomatal closure is deter­
mined as a relative water content (Figure 19a). Variations in stomatal 
closure point have been followed throughout the year for all species. 
Measurement of drought hardiness
A standard droughting procedure has been used. Fourteen weighed, 
saturated shoots are placed in an incubator at 28 t 0.3°G and illuminated 
with a 100 watt bulb. In pairs, they are removed after 1, 2, 3, 3, 7,
9 and 11 hour exposures, weighed, and replaced in saturation chambers 
for 24 hours at room temperature. After this period, the shoots are 
removed, blotted dry, reweighed, and subjectively assessed for damage.
Dry weights are then obtained by oven drying at 103^0 for 3~3 hours. 
Relative water contents are calculated at each stage, and the graph
Figure 20. Reeaturation cur^ ves and determination of 85'Jb 
Reeaturation Points, Vacciniurn vitis-idaea. 
Ben Lui, ledge and turf forms, $-4-60,
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plotted of X’esaturated water content against induced water content 
(Figure 20) (cf. Rychnovska-Soudkova, 196$),. A definite breaking 
point is observed, below which the shoots do not fully resaturate.
For comparisons between plants it is essential to have a definite 
critical value which can be used to describe the drought hardiness of 
each sample. From early experiments, an hypothesis was formed that 
those samples which became resaturated to 8$';o RV/G or greater usually 
recovered, v/hereas samples not reaching this point usually showed 
irreversible damage.
Bannister (1970) has shown that the relationship between resatur­
ation and damage depends upon -
(1) time of year at which the correlation wu.s made, 
especially in V. myrtil'Jus which may have a different 
relationship for leaves and stems,
(2) time allowed for visual damage to develop, with
an increase in damage over longer equilibration times.
In the present study, the drought hardiness of V. myrtillus and 
V. uliginosum has been followed only in the summer when leaves are on 
the shoots, and the time allowed for visual dajnag'e to develop has been 
24 hours in all species, no matter what the time of year. There is no 
evidence to suggest that the rosaturation/visual damage relationship in 
V. vitis-idaea varies with time throughout the year, however, which 
means tliat a selected resaturaLion level is equivalent to the same 
amount of damage throughaibthe year.
Regressions of resaturation against subjective estimates of damage
Fic%aire 21, régression of visual damage on resaturation, Vacciniurn myrti
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have been carriod out for 28 resaturation values of Vciccinium rnyrti 1 lufj 
and 52 resaturation values of Vaco inium vitis-idaea in summer,
(Figures 21 and 22). In the former^ a significant correlation is 
observed (r = 0.7680^^^, p <0.001), the 85> resaturation point corres­
ponding to an approximate value of O^ÿb damaged material. In the latter, 
a significant correlation is also observed (r 0 .9409 *^^  , p <0.001 ), 
the 89/u resaturation point corresponding to an approximate value of 20"/l 
damaged inaterial.
There thus appears to be a different response to droughting by 
Vacciniurn myrtillus e.s compared to Vaoc iniumi vit is - id aea, v/ith the critical 
injury point occurring o.t a higher level of visual damage in the former 
than in the latter. Vacciniujn uliginosum, another deciduous species,
appears to be like Vaccinium myrtillus in its relationship between re­
saturation and visual damage in summer. Oppenheirner (19$2, 1969) has 
used a 20/o damage point as a critical level of injury in evergreens, and 
the 89/0 resat urat ion point in Vacc inium vit is-id aea v/ould appear to agree 
with this 2O-/0 critical level. Bannister (l970) has also shown tha.t the 
89^0 level would seem to correlate v/ith a 20fo point of damage. From the 
graph (Figure 20), the induced water content which gives exactly B^'/o re­
saturation has been used as the critical injury point of the tissues and 
can probably be equated with Oppenheirner’s (l9&9) "permanent turgor loss 
point". In the present study the critical point of injury is thus ex­
pressed as the water content of the tissue which gives exactly 89/o re- 
saturation and will be designated the "89p resaturation point". Vari­
ations in this value have been followed throughout the year for V. vitis-
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f U,
iclaea.. and during the summer for V, myrtillus and V. uliginosum.
The percentage moisture content of shoots at saturation (as per­
centage D.W.) has also been followed for the three Vacciniurn species, but 
only for the material from Ben LirU 
), Results
Using analysis of variance, the variation throughout the period of 
studY in relative water content at stomatal closure of all Vacciniurn 
vitis-id aea samples (mean of /| values) has been found to be highly signifi­
cant (p"iOeOl), and a difference between any pair of values of about 4,9')^  
relative water content (least significant difference) is considered to be 
significant. Because the Sy/o re sa tu ration point consists of a single 
interpolated value, it has not been possible to carry out an analysis of 
variance on seasonal variation. However, the amplitude of variation in 
resaturation values appears to be similar to variation in stomatal 
closure points.
Figures 25 and 24 show the variation in stomatal closing points and 
85% resaturation points of V. vitis-idaea, Ben Lui, ledge and turf forms 
respectively. An increase in stomatal closing value is indicative of an 
increase in drought resistance, since early closing means less water loss.
A decrease in 85>i re saturation point indics.tes an increase in drought 
hardiness since it inesns recovery from a lower moisture content.
In both forms, the stomatal closing points are well above the 85;1 
resaturation values, indicating that stomata close in both forms sub­
stantially before the point of lethal moisture content is reached. The 
greatest differences are loimd from Lecember-May in V. vitis-idaea. ledge 
form and from Octobei;-April in the turf form.
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In the ledge form, the stoutatal closing -points show the highest 
closing levels from December to April and -the lowest level in early hay. 
The turf form, however, shows no peak, but a plateau from December to 
April with very low closing levels in early hay, The plateau occurs 
during the period of snow-cover whereas the ledge form was uncovered. 
Although both forms show similar levels of stomatal closing in late summer 
1968, the difference betv/een them over the total period of measurement is 
very highly sign:fleant (p< 0,001) using analysis of variance.
The decrease in stomatal closing levels in both species in the spring 
indicates a greater capacity for growth since {;as exchange and photo­
synthesis can them operate over a greoter range of stomatal opening. This 
efi’ect is best seen :,n the turf form in the early spring before new growth 
is observed, and it is possible that reserves are being built up fast 
luring this period,
Eighty five percent resaturation points in both forms sliovj a peak in 
October and another period of high resistance in late winter and early 
spring. V. vitis-idaea, turf form consistently recovers from smaller 
Induced moisture contents tho;n the ledge form, a difference of eit least 
15n RWC being observed between them. This indicates a greater drougdrt 
jardiness in the turf form which in Peb:rary, I969 recovered from an in- 
hiced moisture content of 16>7 RWG. Doth forms showr most susceptibility
in summer and ear*ly autumn.
Multiple regression analyses were carried out to relate the four 
jarameters, temperature, daylength, age and rainfall, to variation in 
)oth stoma'tal closing points and 85% resaturation points. Results are 
jresentod in Tables I5 and 16,
cc
0
ci
T )
•H
0
■H
-4-:
-r i
>
.
t
F:
o
■ri
0 c/3
M G
0 A
u O
c.: fH
0
Fi Ch
Fi
f.H pF
O
ü) •D
o F3
q o3
c5
O 0
• r i àL
A-, "U
•ri G)
F' r—1
L'i
•r i
« •ri
d1-^
Fî0
03 pq
F:
o
•ri
0
O0
f ;
o
f/300
0
P i
LiO
\—
0
r-i
P
a
(H
-p
'H
A •H •H
QÜ FH
CD
LT\
LT\
ir\
Oc\j O- 
\~  ID\
o j e— 
\ o  co
vo  VÛ
o o C\J
X X
CT\ VO 
C\i \—  OKV O
■H '<± LTV 
OJ VO
O  %" 'c|-
CM ^  O
CD r<0 COir- CD VDUO OJ vovo >- o
o oo \
KO
•H
I—i
-P -p
CD
CO
UO CD
•H P I—I 
CD ü
0
5
S)nO
0)
rH
•H
â
I
c\5
CD
w
•Hl03’H
P■H
i>
I
.g
ü
o
t—1
I
o
Ch
(H
•H
0pq
oî0c\î
•H
10
•riP■H
!>
g
78
Prom Table 15 it is seen that none of the regressions significantly 
contribute to variation in and percentage variation in Y due to the 
regression is also small. It would seem that the measured parameters do 
not have much effect on the drouglrb resistance of the Vaccinium vitis- 
idaea forms on hen Lui^ however, of the individual parameters (Table 16), 
age (X^ ) appears to contribute a large fraction to both stomatal closing; 
points and 85;j resaturation points, with daylength (x^) being the next 
most important. In V. vitis-idaea, lodge form, 85/j resaturation point, 
daylength is predominant with age being next in importance.
Table 16. Standard nartial regression coefficients (r) and percentage 
contribution of individual factors, V. vi.tls-idnoa, Ben 
Lui, ledge and turf forms
Stoim1/taJ. closing points 85;i resaturation points
Vvi 1, Lui Vvi t, lui Vvi 1, Lu i Vvi t, Lui
P io P P P io
-0,2041 21.5 ■ 0.0586 1.0 -0.5516 18.7 0.0545 5.0
^2 -0,5208 53,9 -0.2451 4.1 0.74-89 42.4 0.2521 21.3
b 0.4009 41.9 -5.4542 90.0 -0.5151 29.1 -0.6175 56.8
b
-0.0512 5.3 0.2825 4.9 -0.1755 9.8 —0.1840 •16,9
X
X
age
mean rainfall
:: moau temperature 
Xg = mean daylength
Although the greatest drought hardiness appear to occur during the 
driest period of the year at 2,250 ft. (765 m) on Ben Lui (Figure 2), 
mean rainfall contributes only a very small amount to variation in 85y^
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resaturation vaines. It is probable that the excessive rainfall at the 
high altitude does not allow deficits to develop with resulting hardening.
Transpiration rates, both with open and closed stomata, were con­
sistently found to be greater in V. vitis-idaea. turf than in the ledge 
form (Figure 19).
Large differences are thus evident between V, vitis-idaea. ledge 
form and Y . vitis-idaea. turf form with respect to their water relations. 
The higher transpiration and greater drought hardiness, coupled with 
significantly smaller plants of Y. vitis-idaea turf form (see Table 1 and 
section on site descriptions), indicate greater xeromorphic character­
istics in this form. Since it has been shov/n that the turf habitat is 
more xeric (see site description section), Vaccinium vitis-idaea appears 
to have adapted to this habitat both by reduction in size of the phono- 
type and also by physiological adaptations.
The environmental factors measured do not seem to influence drought 
resistance to the same extent as the frost resistance, though daylength 
appears to have the greatest influence, but age appears to play the largest 
part in the regression.
Figures Q.nd 26 show the seasonal variation in saturated moisture 
content of the two forms of V. vitis-idaea. expressed as percentage of dry 
weight. Total moisture content and total dry weight have also been in­
cluded to give some indication of how fluctuations in percentage moisture 
content may occur.
Percentage moisture content of V. vitis-idaea. ledge form is high in 
summer and falls during winter and spring to its lowest point in June,
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before the new growth which has a very high percentage moisture content 
due to very small dry weights. The fall in percentage moisture content 
in new growth is due to dry weight increasing at a faster rate than the 
actual moisture content, which is also increasing. A similar situation 
is observed in the turf form, the large increase in February being due to
an actual rise in moisture content, the dry weight remaining constant.
This indicates that the water absorbing capacity of V. vibis-idaea may bo
increased under snow early in winter. Havas (l9h9) has shown that in
V, myrtillus, water may be taken in by the aerial shoots from snow or rain, 
Bannister (19?0) found that drought hardiness in the species he studied 
was correlated with the reciprocal of percentage moisture content. How­
ever, no significant correlation is observed in the present study between 
percentage moisture content and drought hardiness or stomatal closing points 
in either form of V, vitis-idaea,
The difference in size between the two forms is empliasised by the con­
sistent large differences in dry wei.ghts tbiroughout the year. Dry weights 
in the ledge form are continuing to rise in October, 1959, perhaps a sign of 
continuing growth and thus immaturity.
Figure 27 presents the seasonal variation in drought resistance of 
V. myrtillus, ledge and turf forms and V, uliginosum, Ben Lui,
In general, all samples have high stomatal closing values at the 
beginning of the season but low values at the end. It would appear that 
rs the leaves age and eventually senosce, stomatal control of transpiration 
Is virtually lost.
In V, myrtillus, ledge form and V. uliginosum, drought hardiness (85/o
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resaturation points) appears to increase in July iheri decrease again by 
September, 1959. However, V. myrtillus, turf form, appears to continue 
to harden throughout both seasons 1958 and 1959«
All stomatal closing points are above the letha.l moisture content 
level except in V, myrtillus, ledge form, when in October, 1950, 
stomatal closing values were up to G-p EV/C lower than the 89,5 re saturation 
points. This means that in October, 1950, V. myrtillus, ledge form, won 
very susceptible to droughting. This situation has not occurred in 1959,
V. myrtillus, ledge and turf forms, seem to have similar hardiness 
early in the season, but as the plants become more mature, the differences 
between them become obvious, the ledge form being tlie more susceptible.
V. uliginosum behaves like V. myrtillus, ledge form.
The seasonal variations in saturated moisture content of the three 
deciduous samples on Hen Lui are given In Figure 28.
Percentage moisture contents appear to parallel the stages of growth, 
decreasing rapidly as the increase in dry weights is greater than the in­
crease in total moisture contents, Altiiough growth appears to bo 
continuing in Soptembe;’, 1959, it appears to have stopped by that time 
in 1958. The senescixj/-? of the leaves is probably responsible for this, 
end unfortunately no information is available for stems alone.
V, uliginosum anpears to have a higher moisture content thicn the tv/o 
forms of V. myrtillus. The forms of V, vitis-idaea (Figures 25 and 25) 
appear to have a slightly lower moisture content than V, myrtillus, 
especially in very young material.
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V. myrtillus from the two lowland sites of Kilngavie Moor and 
Gareloclihead shows little variation in either stomatal closing points 
or-89m resaturation points. Values are shov/n in Table 17 o 
Table 17 « Stomatal closing points and 85/5 resaturation points 
. (in hV/C) of V, myrtillus Milngavie Moor and 
Garelochhead, 19^9
Milngavi.e Mooj;- Garelochhead !
Date Stomatal 
closing point
8 9A’ r*e s a tura t :L on 
point
Stomatal 
closing point
89/0 resaturation : 
point
9.69 - 99.0 40,9
2 . 7.69 99/9 99/3 42.9 94.0
11, 8.69 9^.0 99,9 47.0 90.9 1
7.10,69 6/1,9 90,9 6/1,0 26.0
9.11.69 62.0 90.0 -
..............
Stomatal closing points are always greater than lethal moisture con­
tents in both samples. Although of a similar drought hardiness over the 
season, V, myrtillus. Garelochhead, appears to show poor stomatal control 
of transpiration compared with Milngavio Moor. The greater shading in 
the former, affecting the growth and development of the plant, is thought 
to induce loss of stomatal control,
Figures 29 and $0 show the variation in drought resistance of V. vitis- 
idaea, Loch Katrine and Maiham Tarn respectively,
Stomatal closing levels are high in winter and low in spring, as in 
;he forms on Ben Lui, The pattern of stomatal closing in Loch Katrine 
laterial is very similar to that of Lon Lui, ledge form (Figure 2)),
B9.
Y. vitis-idaea, Kalham Tarn, sliov/s a largo drop in May which is within 
7,9/- KYG of the 8PM resaturation level on the same date. The young 
material of this sample shows very poor stomatal control, the stomatal 
closing point being below the 89}c resaturation point in July and very 
close to it in August. Maturation, however, causes a large improvement 
in stomatal control. Although Loch Katrine material does not show low 
stomatal values in May, material from. Maiham Tarn appears to forgo a degree 
of stomatal control in order to increase the time of assimilation in the 
spring, as in the Ben Lui forms,
Mighty five percent resaturation points in V. vitis-idaea. Loch Katrine, 
appear similar to those of Y. vitis-idaea, Ben Lui, ledge form, being more 
1 rought hardy in winter and spring, with the young ma.terial being the most 
susceptible. Malheim Tarn material shows irregular values of hardiness 
though peaks are seen in December and February.
Multiple regression analyses were carried out and the results ore pre­
sented in Tables 18 and 19,
Table 18 shows that none of the regressions contribute signil'icantly 
bo variation in Y, the percentage variant ion due to regression being very 
small in all cases except the 85m resaturation point of V. vitis-idaea. 
joch Katrine. It is thought that the small number of readings is causing 
;his non-significance. Apart from this sample it would seem that the 
leasui’ed parameters again have little effect on the variation in drought 
resistance,
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Table 19. Standard partla] regression coefficients (p) and percent'
aj?-;e contribution of individual factors
stomatal clc 
Vvi Kat
)si.ng poin- 
Vvi ÎA
bs
1,1m
83/c resatur-f 
Vvi Kat
j/bion points 
Vyù IKflm
P 3'o P P 7; P >
h 1.6382 55.2 0.5605 21,3 0.0603 5.5 -0.1215 10.2
b -1.7542 57.7 -0.7900 46.7 0.6737 59.4 0.4517 56.4
b 0.7476 16.1 0.4450 26. A -0.4651 27,5 -0.1845 15.6
b -0.5118 11.0 -0.0955 3.6 0,5087 29.0 0.4485 57.8
- mean temperature 
X_ = mean daylength
X.
X
4
age
mean rainfall
Table 19 indicates once again that daylength (X^) is the predominant 
factor in all samples^ though similar to rainfall (x^) in V. vi tis-idaea, 
Malham Tarn, resaturation ]3oint. Rainfall is the next important
influence in f, vitis-idaea. Loch Katrine, 8bX resaturation point, with 
age also being important. Age does not appear as important as in the 
two Ben Lui forms of V. vitis-idaea. Temperature (X^) appears to con­
tribute to regression in V.vitts-idaea, Loch Katrine, stomatal closing 
points. It would appear that in contrast with the forms on Ben Lui, the 
lower rainfall at Loch Katrine and Kalham Tam allows water deficits to 
occur and thus cause an increase in drought hardiness.
Discussion and conclusions
It is obvious from the results, that the important conclusions do not 
arise from the multiple regression analysis as in the frost resistance 
section, but from comparisons between different sites and different species
85
Bannister (1964) has shewn that Galluna. from drier sites has lower 
stomatal closing levels than Callirna on wet or moist sites. He suggested 
that Galluna is adapted to drier habitats not by greater transpirational 
control but by an ability to forgo a, degree of stomatal protection for 
the sake of continued assimilation.
In the present study, differences between Vaccinium vitis-idaea. 
lodge and turf forms are attributable to the adaptation of the turf form 
to the more xeric habitat, This latter form exhibits greater transpir­
ation, lower stomatal closing points and greater hardiness, as well as 
morphological differences such as smaller shoot and leaves, a greater 
number of stomata pea? unit area and smaller stomata than the ledge form 
(Table I). Morphological differences between V, viti.s-idaea, ledge form 
and V. vitis-idaea. Loch Katrine, do not appear to be reflected in their 
physiology, stomatal closing points and 85'y resaturation points being very 
similar. However, rates of water loss do apjpear to be less in the Loch 
Katrine sample. The main differences thus appear to be between the dif­
ferent morphological forms of V, vitis-idaea. the large leafed forms, i.e. 
Hen Lui,ledge, Loch Katrine and Malham Tarn being similar, with the small 
leafed turf form exhibiting a greater xeromorphism. These differences are 
thought to reflect the moisture conditions of the habitat, the turf habitat 
being; the most xeric.
On Hen Lui, these differences are also seen in V. myrtillus but only 
when the plants have become more mature. Young plants exliibit a similar 
drought resistance.
Of the lowland types, V. myrtillus growing in woodland appears to
86.
have poorer stomatal control of water loss compared with the sample on 
the open moor, perhaps because the former :‘is groving in conditions of 
higher, less fluctuating relative humidities and therefore exhibits more 
hygrophytic characteristics. Hygen (1955a) has snown that the more hygro- 
phytic samples appear to have a poor stomatal closing reaction to water 
loss .
Differences between species in the present study appear to be between 
the large leafed forms of the xeromorphic species V . vitis-idaea, and tlie 
rest, no distinction being made between V. myrtillus and V. uliginosum.
The best stomatal control is seen in the large leafed xeromorphic group 
whereas the stomata of all other samples close at a much lower relative 
water content.
Although having little significance, the envlronmental factor maini.y 
influencing the drought resistance of V, vitis-idaea forms is daylength. 
with age also playing a large part. The older the plant, the greater is 
its drought hardiness.
Bannister (19?0) has found correlations of daylength with the drought 
hardiness of Erica cinerea and Erica tetralix when the proximity to the 
nearest equinox was used. He found that hardiness was at a minimum about 
these points, increasing as the days lengthened or shortened, and reaching 
peaks around the winter and summer solstices. He found also that age 
played a part in the variation of drought hardiness in the two Erica species.
From the graphs of variation in drought hardiness of V. vitis-idaea. 
no equivalent relationship with the equinoxes appears to exist. It is 
thought, however, that the relationship of drought hardiness with the
87.
environment is complex, and this probably contributes to the non-significance 
of t}iG factors considered.
V, vitis-idaea and V. myrtillus thus appear to have adapted success­
fully to the different ecological habitats under different moisture regimes. 
It is thought that the moisture factor is not important in their distri­
bution, at least within the range of moisture regimes observed.
88.
(c) The relationship between frost and drought resistance
Frost and drought resistance have often been found to be correlated, 
and a review of the literature is given by Levitt (1958).
In an early work, Pisek and Larcher (1954) were able to show that 
the needles of Finns cembra and Picea abdes from the tiraberline. and 
leaves of dwarf Ericaceous shrubs, exhibited a yearly cycle of drought 
resistance, the greatest resistance being found in. winter and the least 
in summer. The patterns they found generally paralleled tlio yearly cycle 
in frost hardiness of tlie same species as measured by blmcr ( 1957) nnd 
Pisek and Schiessl (1947), Their comparison was one of amplitude rather 
than being- spiecific, frost and drought resistance both liaving maxima in 
the winter and mini.iria in the summer.
Larcher (1965) discusses the problem in evergreens, and gives a 
model which delimits twu ty;pes -
(a) showing no correlation between frost and drought hardiness, 
and
(b) showing strong correlation between frost and drought 
hardiness.
The first type, growing where the occurrence of frost is limited to 
only three months in winter, exhibits a slight degree of frost hardening 
in winter and no increase in drought hardiness. This type is very sus­
ceptible to damage caused by ice formation in its tissues (’‘Sisompfindlich’'). 
The other type, growing where frosts occur in more than six months of the 
year, becomes very frost hardy in winter and shows a general correlation 
with drought hardiness. This type is very resistant to the formation of
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89.
1 c e j.n i t s L i s su e s ( " El s b e s t and Ig") , Larch or ( 19^9) c on c lud o s , there­
fore, that a correlation between drought and frost resistance is therefore 
on]y to be expected if the frost hardiness is '’real" frost hardiness, i.e. 
the endura.nce of ice formation.
happen has studied the frost, drought and heat resistance of
ferns, and has foimd that the seasonal curves of frost and drought resist­
ance generally run parallel, both having maxima in winter and minima in 
summer, alt]'.ough no specific correlations were made.
It is evident from* his work with poibiiohydric ferns in particular, 
that drought resistance has a much broader curve than frost resistance, 
greater drought resistance developing earlier in autumn, and remaining 
hig'li in the spring while the frost-susceptibility increases.
Similar results have been found in the present study. Figure 
shows the frost and drought hardiness curves for Vacc inium vi tis - idaea..
Ben Lui, ledge and turf forms. It is seen that although the frost and 
drought maxima are in winter, and minima are in summer, tlie drought hardi­
ness of both forms of V. vitis-idru:a has the much broader curve.
Unlike most of the previous work on this problem, specific pairs of 
frost amd drought hardiness values have been taken for the period of this 
study and correlation coefficients have been calculated to establish the 
significance of the correlation between frost and drought hardiness.
As well as ordinary correlation coefficients (r), rank correlation
2
coefficients (r^  = 1 - 6 ^d ) have also been calculated (see Snedecor andg  — ----
Cochran 1967, p.199).  ^^ This latter calculation does not take the
magnitude of the changes into account, but emphasises the direction of
90.
these changes. The results for four forms of V. vitis-idaea are pre­
sented in Table 20,
Table 20, Ordinary correlation coefficients (r) and rank correlation
coefficients (r ) between t,. _ values and 85-p resaturation points
Species r r
Vyi 1, Lui. 4- 0,9000 4- 0.4909
Vvi t, Lui 4- 0.0860 r 0.2696
Vvi Kat - 0.0899 4- 0.0699
Vvi Malm 4- 0,1089 4- 0.1000
(all values are non-signifleant)
Vvi 1, Lui Vacc inium vi tis -i d aea, Ben Lui, ledge form.
Vvi t. Lui = V. vitis-idaea, Ben Lui, turf form.
Vvi Kat - V. vitis-idaea. Loch Katrine,
Vvi Nairn V. vitis-idaea. Maldiam Tarn.
Bo significant correlation is observed, although the rank correlation 
has slightly improved the value for V, vitis-idaea, Ben Lui, turf form and 
caused V. vitis-idaea. Loch Katrine to become positive.
An explanation for the non-significant correlations was sought first 
by examining Larcher’s (1965) two types of evergreen. However, V, vitis- 
idaea appears to fit into the "Eisbestandig" type, which does show a general 
correlation.
The more likely explanation is seen by examination of Figure $1 where 
it is evident that the increase of drought hardiness in autumn is more 
marked than the increase in frost hardiness, and more particularly in the
7 I ,
spring the frost susceptibility increases while the drought hardiness 
remains high. This appears to indicate a differential response of frost 
and drought hardiness to the environment. This is substantiated by the 
fact that the environmental factors studied have been found to contribute 
significantly to the frost hardiness of most species (see frost resistance 
section), whereas no significant contributions have been found towards 
drought hardiness (see drought resistance section).
From the evidence presented in this study it is not possible to ex­
plain the differential response to the environment, and particularly to 
explain why frost susceptibility increases in the spring while drought 
hardiness remains high. Reasons for this would be purely speculative.
It is obvious, therefore, that a complex situation exists when con­
sidering the relationship between frost and drought hardiness, and much 
more detailed and thorough work is needed to clarify the situation.
However, previous evidence has pointed strongly in favour of a positive 
correlation between frost and drought hardiness, and the present study has 
found that, in genera]., the frost and drought hardiness of V, vitis-idaea 
a,lso show a positive correlation, although no statistical significance can 
be attached to the results.
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PART III - GHOV/TH CABIHET STUDIES
(a) Introdu ctiori
It is well established by controlled environment studies that 
frost hardiness is induced by factors that reduce plant grov/th, 
especially temperatures near or below O^C and short photoporiods 
(e.g. McGuire and Flint, '1962; Kohn and Levitt, 1969; Li et al,,
1966; Huy8tee £t al., 1967, Irving and Lanphear, 1967a, b; Tumanov, 
1967; Stoponkus and Lanphear, I968, van den Driesoche, I969).
It has been indicated tha.t early devel opment in frost hardiness 
is partly due to the onset of dorimancy (i.e. the inability to produce 
normal growth even under favourable conditi.ons) in the woody plant in 
late suïTiiner and early autumn (e.g. Chandler, 1994). Because of this 
close association between the onset of dormancy and development of frost 
hardiness, there evolved an. hypothesis that dormancy was necessary for 
the development of frost hardiness (e.g. Chandler, 1994; van der Veen 
and Med je r, 1999). Irving and Lanphear (1967a) have shown, however, 
that the increase of frost hardiness in Acer negundo and Viburnum plicaturn 
tomentosum can be induced under controlled conditions, with long days and 
certain low temperatures, without the prerequisite of dormancy. Increas­
ing duration of exposure to short days followed by a lov/ temperature 
hardening period in darkness, brought about a progressive increase in 
hardiness. They found that the short day stimulus could be reversed by 
long days. Thus they have shown that development of hardiness is a
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photoporiod response. îbCuiro and Flint (1962), Huystee _et al. (1967) 
and van den Driessche (1969) have all shown that photoperiod has a 
marked effect on the frost hardening of plants. van den Driessche 
(1969) has concluded that the factors importanl in development of frost 
hardiness in Douglas-fir seedlings are daylength, night temperature and 
1 ight int en s i ty.
On the other hand, the dormant condition appears to ho important in 
maintaining frost hardiness. Irving and Lanphear (1967c) have shown 
that the dormant condition helped to maintain the hardy conditions of 
Acer and Viburnum when the plants were exposed to 70^F. Application of 
dormin to non-dormant plants also prevented dehardening during warm 
temperature exposure. van den Driessche (1969) has concluded that 
photoperi.od has no influence on loss of hardiness in Douglas-fir, temper­
ature being the only factor effective in causing dehardening. Linking 
this latter conclusion with that of Irving end Lanphear (1967c), it would 
seem that plants will dehardcn only if in thee non-dormant state, and that 
this loss of hardiness is often influenced by temperature.
In the present study, two experiments under controlled conditions have 
been carried out;
(1) to determine the relative effects of temperature and photo­
period on bud“break and subsequent growth of the three 
Vaccinium species in their winter condition,
(2) to determine the relative effect of temperature and photo­
period on the development of frost hardiness in the three 
Vaccinium species in their summer condition.
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(b) Materials
Bud-break and grov/th experiment
Material was collected nn hoverriber, 196? and potted. Vaccinium 
myrtillus was obtained from Milngavio Moor [26/995769, 990 ft. ('106 m)] 
and Bplawmoor [26/459997, 479 ft. (144 m)], a woodland habitat. V. vitis- 
idaea was obtained from Loch Katrine [27/496079, 490 ft. (l99 ni) ] and 
V. uliginosum was collected from Ben Arthur, Argyllshire [27/269062,
2,300 ft, (762 rn)] and Be inn Barnain, Argyllshire [27/267066, 2,900 ft.
(762 m)].
Frost hardening; oxpeiriment
V, myrtillus and V, vitis-idaea, ledge forms, were collected in 
April, 1969 from Beijin an Lochalnn, Argyllshire [27/222079, 1,600 ft.
(4B6 m)J and placed in wooden boxes. Pots of V. uliginosum were used 
from the previous collection,
(G) Methods
(i) Growth Cabinets
Five growth environment cabinets have been used for Experiment I 
and three cabinets for Experiment II,
The growth cabinets consist of tv/o types:-
(1) This type is divided into two separate compartments in which day­
length can be altered independently while maintaining the same temper­
ature conditions throughout the whole cabinet. Temperature fluctu­
ations of ±1^G were recorded at the temperatures used. The interior 
walls of this cabinet are lined wi.th metalised Mel inox and only slight
fluctuations in light intensity can ho recorded in a horizontal plane.
The plant trays are fixed 4 ft. 6 ins, holow the lamps which consist of 
5 ft. long, 69V/ fluorescent tubes 5 inches apart, alternating one white 
or daylight tube and one v/arm white tube. Supplementary illumina.tion
is obtained from two 5 ft., 65V/ fluorescent tubes.
This type of cabinht was built in Glasgow and is situated at Garscubo 
Research'Laboratory.
(2) The second type, built by Saxton (Sax-Air) Limited, was used only 
in Experiment 1. It consists of a single growing' cabinet and has the 
facility of allov/ing selection of different day and niglit temperatures. 
Temperature control of f1^G was recorded tiiroughout the experiment. No 
supplementa.ry light for extending daylength with low intensity light is 
possible. Illumination is supplied by a double bank of fluorescent tubes 
and the intensity of light is higher than in the other type of cabinet. 
Although the wails are lined with motalised Nlelinex, light intensity is
found to be highest in the centre of the cabinets,
Hampton (19^7) has described these cabinets in more detaii., the ones
used in the present study being equivalent to his B and D types,
(ii) Layout
I. The influence of temperature and photoperiod on bud-break and 
subs equen'b growth.
Pour pots from the frame outdoors, each of Vacci,nium myz'ti 1 lus.
V, vitis-idaea and V. ullginosum were pi.aced at random- in each of the 
five following treatmenbs on 29th January, I969.
A : 8^C, 8 hr. daylength, light intensity 100 ft. candles (1,076 lux), 
Cabinet type 2,
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B : 12 hr. daylength, light intensity 1,000 ft. candles (10,760
lux), Cabinet type 1.
C ; 5^6, 18 hr, daylength, light intensity 1,000 ft, candles (10,760 
lux), Cabinet type 1.
I) Î 20^0, 8 hr, daylength, light intensity 1,000 i't. candles (10,760 
lux), Cabinet type 1,
E : 20°G, 16 hr, daylength, light intensity 1,500 ft. candles (16,140 
lux) Cabinet type 2,
Light intensity was measured at plant height in the centre of the 
cabinet with an EEL photometer.
Regular measurements were made of the bud-break, elongation of new 
shoots and the number of expanded new leaves. Bud-break is expressed s,s 
percentage of the total number of buds on the previous year’s growth, 
shoot elongation is expressed as a percentage of the total previous shoot 
length and the number of newly expanded leaves is expressed as a percent­
age of the final number of leaves, A'J.l treatments wore watered regularly 
throughout the experiment, treatments D and E requiring more watering than 
A, B and C,
II, Influence of temperature and photoperiod on the development 
of frost hardiness.
One box from the frame outdoors each of V. rnyrtillus and V. vit is- 
idaea, and three pots of V. uliainosum were placed at random in each of 
the following treatments on 24th June, 1969. All plants were mature by 
this time.
I : Controls in the frame were subject to natural temperatures and day-
lengths over the experimental period (see Figures 5 and 5).
Figure 32. Bud-break with time, V, uliginosum
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II : 18^0, 6 hours daylength n- 2 hours supplementary light, light 
intensity 1,000 ft. candles (lO,7oO ].ux.) and 100 ft, candles 
(1,076 lux) respectively,
III : 3^0, 8 hours daylength 4 2 four-hour supplementary light periods 
before and after full light period, light intensity as in II,
IV : 5^0, 6 hours daylength 4 2 hours supplementary light, light
intensity 700 ft, candles (7,532 lux) and /|0 ft. candles (430 lux) 
respec Lively.
Measurements of frost hardiness in V. rnyrtillus and V. vitis-idaea 
were taken at regular intervals, and at the end of the experiment, the 
number of green leaves, number of yellow 1 coves still on plant, and the 
number of leaves dropped were measured for V. myrtillus and V. uliginosum 
as this gives some indication of the onset of dormancy. No frost hardi­
ness measurements were taken of V, uliginosum since insufficient material 
was available,
(d) Results 
Bud-break and growth experiment 
Vaccinlum uliginosum
Bud-break at each treatment is given in Figu.re 32. ilach point on 
the graph represents the mean of four values, except for treatment A in 
which the mean is of two values.
In treatments A, B and C the first appearance of bud-break after 
14-17 days compares with 7 days for treatments D and E, No difference 
is seen by inspection within these t\io groups which correspond to low and 
high temperatures respectively. There is a significant difference between
Figure 33. New shoot length, V. uliginosum
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the times of bud-break for these two groups, t = 7 ,19^^^ (p< 0.001).
The maximum final bud-break appears to be in treatment D, although 
those in E, after remaining statdo for 10 days appear to continue to 
break bud after this period.
The new shoot length for V. uln ginosum is given in Figure 53. dhe 
time lapse between the two groups at different temperatures, measured by 
the time to measurable shoot growth, has increased to 30 days. There 
appears to be a small difference in rate of shoot growth in treatments 
D and E, with the greatest rate in E, but the maxi.mum length being 
readied more quickly in the i.atter treatment. In the group at the lower 
temperature, the shoots in C appear to have the greatest rate of growth, 
and those in B and A being sjmilar to begin with but shoots in B increas­
ing over A after 60 days. The final growth values of nev/ shoots in A, B 
and G have been compared by analysis of variance and results are presented 
in Table 21, and the least signifie art difference between the means h^ is 
been calculated, F - 9,381^ indi.cates a significant difference at the 
3^  ^ level of significance (p<0.03). Two degrees of freedom have been 
lost from the total of 11 because only two replicates were used in A, thus 
making necessary an estimate of the other two. The main difference be­
tween means appears to be between treatments A and C, other differences 
being non-significant. This non-significance is probably partly due to 
the very small number of degrees of freedom.
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Summary of Ph.B. Thesio presented to Glasgow University by A. Polwart, B.Sc
This study involved an investigation of the seasonal variation in fror
and drought resistance of three Vaccinlum species with the aim of determine
the influence of environmental factors on the local and geographical distrl
bution of the species.
The s'Ludy involved' -
A. Mon'thly samples brought into the laboratory from the field for the detc 
rnination of -
(i) frost resistance by subjection to a series of freezing treatments 
and the establishment of a 50y killing point.
(ii) drought resistance by subjection to various drought stresses and 
the establishment of (a) stomatal closuve points, (b) their abilii 
to recover from a certadn water deficit.
B. Limited growth cabinet studies have been used to investigc.to the influe 
of temper rature and daylength on the plants.
C. The relative contribution of tempera'ture, daylength and rainfall to tht 
seasonal variation in the frost and drought resistance of the tlirce 
species of Vaccinlum has been assessed by the use of multiple regressic 
analyses.
From the results the following conclusions }jave been reached.
1, Daylength is the most important environmental factor influencing the 
seasonal variation in frost and drought hardiness of the Vaccinlum spec 
with the exception of the frost hardiness of the strictly alpine V. ul: 
osurn which is predominantly influenced by temperature.
2, Vac c in ium my r t i 1 lus is tlioiight to have a longer growing season at more 
southern lati'budes because of the longer winter daylengths causing carl 
dehardening and preventing full frost hardening. This is supported b^  
measurement of bud-break and measurement of induction of frost hardinof 
under controlled environmental conditions. This species thus may be i 
susceptible to early or late frosts at more southern latitudes.
3, Upper altitudinal limits of V. myrtillus and V. vitis-idaea are though' 
to be controlled by low levels of frost hardiness in winter caused by 
immaturity due to the short growing season at the higher altitudes. '
,plants are thus susceptible to frost damage at certain times of the yec 
and it is thought that the insulation of snow cover plays an important 
role in their survival at higher altitudes.
V, uliginosum develops a large degree of hardiness in winter s,nd anuear 
to be well adapted to the short season at high altitudes, however, it 
appears to grow only on moist rock ledges above 2,000 ft. (608 m) on 'Be 
Liai, Argyll, because it rnoy not be able to compete for water in the rnor 
xeric turf habitat.
IjOV/ rainfall a,ppears to induce an increase in frost hardiness in lov/lan 
species of V. myrtillus and V. vitis-idaea. but has little effect on th 
drought hardiness. ho effect is seen at higher altitudes because of 
excessive rainfall.
V. myrtillus and V, vitis-idaea appear to have adapted to the more xeri 
turf habitat both morphologically and physiologically. The smaller 
turf formas exhibit higher transpiration rates, lower relative water con 
tents at stomatal closure and a greater drought hardiness.
7. Frost and drought hardiness of V, vitis-idaea both have maxima in winto 
and minima in summer. however, no correlation is found when specific 
values are taken because drought hardiness appears to develop earlier i 
autumn than frost hardiness, and remains h.igh in spring while the sus­
ceptibility to frost increases.
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Table 21. Analysis of variance between .final growth values in 
treatments A. B and C - Vaccinlum ulivinosun
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance
Ratio
Replicates 9 1214.98 404.79 1 .409
Trea tments 2 5503.97 2751.79 9.981*
Residual 1148.87 287.22
Total 9 (11-2) 7866.82
Trea tment A B G Least significant 
difference
Moan 63.09 91 -07 115.51 99.91
The number of expanded leaves in V. uliginosum is shown in
Figure 34. Treatment A has been omitted since the maximum number of 
expanded leaves had not been attained in tlie duration of the experiment. 
The gcraphs show a reflection of those in Figure 39, with little difference 
between D and S and the lag in response at treatment B compared with 
treatment C. This figure will not be repeated for the other tv/o species 
of Vaocinium since, apart from adding little to the information already 
given by the other two measurements, tlie shoots at treatments A, B and G, 
i.e. the low temperature, have not matured in the duration of the 
experiment and their le.aves are not fully expanded.
Varcinium myrbillus
Bud-break at each treatment is given in. Pi.gure 39- The two temper-
\
aturo^ groups are not so obvious by inspection in this species, so an 
analysis of variance was carried out between the time to first appearance
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Figure ^6. New shoot length, V. rnyrtillus
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of bud-break in treatments A to E. besults are given in Table 22. A 
very highly significant difference is shown by E 100,97''''^ ' (p< 0.001) 
and the least significant difference between the means is 4,93 days. 
Table 22. Analysis of variance between time to appearance of bud-
break in treatments A to E - V. myrtillus
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance 
Ratio h' ) •
Replicates 3 52.99 17 .69 1.72
Treatments 4 4098.79 1024 .69 100,97*"*
Res idual 12 122.89 10 .237
Total 19 4274.99
Treatment A B G D E Leas t s ign i f ican t difference
Mean (days) 47.29 26.00 20.90 10.00 7.00 4.93
Significant differences are seen between the means of the high 
temperature treatments (D and S) and the means of ttie lov/ temperature 
treatmenbs (A, B and C), The means of A, B and C also differ signifi­
cantly from each other. This indicates si.gnificance between the two 
different temperature groups, and also significance between different 
light regimes at the low temperature.
The difference between the two temperature groups is very evident 
in Figure $6, The rate of shoot growth in E is much greater than that 
in I). Although the shoots in C appear to have the same rate of grov/tli 
as in B, the length at any particular time is greater in C because of 
the earlier bud-break at that treatment. Shoots in A show very little 
growth at all.
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Photograph taken after 21 days shows new growth in I) and E, hut 
none in A - C (Plate 1l).
Vacc in. ium v i t i s - id aea
It was not possible to obtain bud-break information in this species 
since quite often only terminal buds broke and the number of terminal 
buds was often very small (less than 4). It v/as possible, however, to 
obtain the time to first appearance of bud-break at each treatment, and 
an analysis of variance has been carried out. One replicate was missing 
from treatment E, making an estimate necessary, tlius losing one degree of 
freedom. Results are given in Table 23. P ~ 6 4.460'^”"^' (p<0,00l) is 
very highly significant, and the least significant difference between 
means is 9*89* As with V, myrtillus, significant differences are seen 
between low. (A, B and C) and high (D and E) temperature regimes, and also 
between means of different 1ight regimes at the low temperature level.. 
Table 23» Analysis of variance between time to appearanco of bud- 
break in treatments A to E - Vacoinium vitis-idaea
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance 
Ratio )
Replicates 3 12. 99 4 ,186 0.305
Treatments 4 3944.00 886.00 64.460***
Residual 11 191.20 13.749
Total 18 (19-1) 3707.79
Treatment A B 0 D E
Least significant 
difference
Mean 42,0 39,0 28.0 9.9 9.2 9.89
New shoot length is presented in Figure 37, Each point is the
Figiire 37. New shoot length, V. vitis-idaea
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mean of two values. The difference between the two temperature groups 
is evident and, as :in Vaocinium uliginosum, differences in shoot length 
in A, B and C are small to begin with, but are very largo at the end of 
the experiment,. Also shoot length i.n E is greater than D at the end of 
the experiment but is the same at the beginning.
Photograph talcen after 21 days shows new green leaves (light green) 
in D and E but no new leaves in A - C (Plate 12),
Pi scussi on
It would appear from the results throb the two factors, temperature 
and daylength, influence bud-break in different ways. In V, uliginosurn, 
temperature alone appears to be the factor influencing bud-break, but in 
V. myrtillus and V. vitis-idaea, both temperature and daylength appear 
to be operating. Although significant differences in the time to bud- 
break are observed in the latter species between different temperature 
groups, increasing daylength appears to have a signifj.cant effect in 
promoting bud-break at the lower temperature. This effect is not 
observed at the high temperature treatments.
The significant difference in shoot length of all three species at 
the end of the experiment between treatments A, 13 and C is thought to be 
a nutritional effect. As the daylength increases, the length of time 
at which photosynthesis operates also increases, More photosynthetic 
products are available v/itbi tlie longer photoperiods and thus grov/tli is 
enhanced (e.g, treatment C), whereas growth is retarded by lack of pro­
ducts at short photoperiods (e.g. treatment A). The greatest differ­
ence in treatments A, Ï3 and C due to this effect is seen with the ever-
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groan V, vitis-idaea (Figure 37 ) which also, at the higher temjjorature, 
has a greater shoot length in E than in D at the end of the experiment.
Anthocyanins were produced in the longer daylength under low tem­
peratures but no anthocyanin was observed in the leaves at short days 
(treatment A).
There is some evidence to suggest that in treatments A, 13 and C 
plants of V. uliginosum have fully matured before the end of the experi­
ment (EifCyire 33), as the graphs have levelled ol'f near the end of the 
period. In V. myrtil.lus and V. vitis-idaea, however, plants at the end 
of the experiment in treatments A - C are still continuing to grow, 
indicating that they have not reached maturity (Figures 36 æd 37). This, 
to some extent, substantiates the suggestion made in the frost resist­
ance discussion that short seasons due to low temperatures at high alti­
tude cause the failure of V. myrtillus and V. vitis-idaea to mature pro­
perly, whereas V. uliginosum is able to mature fully.
Frost hardening experiment
Table 24 presents the frost-hardiness of V. myrtillus and V. vitis- 
idaea at each of the four treatments after 62 days.
Table 24. Frost hardiness (t^ n., °0) of Vaocinium myrtillus and
y. y  1 y  s - icjaemi, after treatment
Treatment V, myrtillus V. vitis-idaea
I (cold frame) -9,8 -6.3
II (18°C, 6 + 2  hrs licht) -9,4 -9,8
III (5°C, 8 + 2 X 4 hrs light) -11.9 -11.9
IV (5°C, 6 + 2  hrs light) -13,6 -11.3
Least significant difference 1.3“^C 0 9^c
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It appears that the greatest frost hardiness in both species has 
developed in treatments III and IV at 3^8, little difference between 
the latter two being shown by V. vitis-idaea but V. myrtillus being 
more hardy at short days and low temperatures in TV, After these treat­
ments, V. vitis-idaea from treatment IV was placed for three weeks in the 
dark at Hardiness of -13,1°G was induced by this means.
An analysis of variance (see Appendix 3) between the treatments 
was carried out for both species and results are presented in Tables 23 
and 26. The loss of two degrees of freedom represents the estimate of 
two missing values :in Table 23.
Table 23. Analysis of variance between t^n values - V. myrtillus
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance 
Ratio ( )
Replicates 1 3,08 3.08 0.69
Freezing (?) 3 21433.40 4286.68 586.57***
Treatment (t ) 3 1289.38 429.79 58.81***
F X T 15 1343.99 102,93 14,00***
Residual 21 133.47 7.31
Total 45 (47-2) 24423.32
Least significant difference = 3*63 units of freezing index (l)
,0
E 1.3'^ C at the 30p level of 1
1U3
Table 26, Analysis of variance between t,.._ values - V, vitis-idaea
Source of 
Variati.on
Degrees of 
Fx'eedom
Sujîi of 
Squares
Moan
Square
Re%)licates 1 43.13 43.13
Freezing (p) 5 49880,03 9977.61
Treatment (ï) 3 1427.63 475.80
F  X  T 13 3022,49 554.83
Residual 23 363.31 15.01
Total 47 36744.83
Variance
Ratio (F)
2.75 
631,29*** 
30.11*** 
21.18***
Least oiynlflcant difference « 8.19 units of freezing’ index (l)
' = 0.9°C at the 50-^  level of I.
Prom the analyses, it is seen that the freezing x treatment inter­
action is very highly significant in both V, rnyrtillus and V, vitis-idaea. 
This indicates tliat the reaction of the tissues to freezing level signifi­
cantly varies with treatment, showing that variation between t^^ values 
determined at each treatment also is very highly sigTiifleant (see 
Appendix 3), The least significant difference between any pair of 
freezing x treatment interaction means has been calculated for each 
species (see Appendix 3), expressed in °C and is presented in Table 24.
Prom this table, it is seen that in both species, frost hardiness in 
treatments I and II, at high temperatures, differs significantly from 
hardiness in treatments III and IV at low temperatures. In V. myrtillus, 
significant differences in hardiness between light regimes is observed at 
the low temperature only, whereas in V. vitis-idaea significant differ­
ences are seen only at the high temperatures.
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This indicator, that for V, myrtillus, long daylengths at low 
temperatures have not prevented hardening taking place, but this harden- 
ing is not as great as in short days and low temperatures. Short day­
lengths at high temperatures have no influence on hardening in V. myrtillus 
compared with the control in the cold frame.
However, in V. vitis-idaeo,,a significant increase in hardiness is 
observed at high temperatures due to short days, but no difference is 
observed at low temperatures between long and short daylengths.
Table 27 gives the leaf status in V, myrtillus and V, uliginosum at 
the end of the experiment, heaves are expressed as percentage of total 
counted,
T'abl e 27, State of leaves on shoots of - V, myrt i 1 lus and V, u 1 igi nos urn
after treatment
V. myrti 1 lu s) V. uliginosum
Treatment green yellow fallen green yellow fallen
1 (cold frame) 100 0 0 100 0 0
ri (18°C, 6 + 2 h.rs light) 100 0 0 100 0 0
Q. (5°C, 8 + 2 X 4 hrs light) 8.9 34.4 36.7 32.3 67.7 0
[V (5°C, 6 + 2 hrs light) 23.7 13.6 60.7 0.8 96.0 3.2
Plates 13 and 14 show the condition of V. myrtillus and V. uliginosum 
after treatment (62 days). Pots A, B, C and. D are equivalent to treat­
ments 1, II, III and. IV respectively.
It is seen from both Table 27 and Plates 13 and 14 that yellow leaves 
on the plants and fall.en leaves only developed in both species at those 
treatments with low temperatures, the greatest nunber fallen occurring
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in treatment TV under short days. It is also noted that the leaves 
fall more readilv from V. myrtillus than they, do from V, uliginosum,
Bi scussion
From the results, the varying influences of temperature and day­
length are seen. In general for both V, myrtillus and V. vitis-idaea 
low temperatures induce hardening. Long days prevent tliis to a certain 
extent (in V, myrtillus) whereas short days at high temperatures also 
induce hardening; to a certain extent, (in V, vitis-idaea).
Since yellowing of leaves and abscission indicate the onset of 
dormancy, it is interesting to see that the greatest fxcst hardiness in 
V, myrt il. lus coincides with the greatest abscission of leaves, an indi­
cation perhaps of the relationship between the onset of dormancy and the 
development of frost hardiness,
(e) General Discussion
The first experiment has shown that bud-break in V, ulig;inosum is 
entirely influenced by temperature, whereas in V, myrtillus and V. vitis- 
idaea, phoboperiod is operative at low^  temperatures. Photoperiod, at low 
temperatures also ha,s a significant effect on the subsequent grov/th of all 
three species.
The frost hardening experiment ha,s shown tha.t short days at 18°C 
induced hardening in V. vitis-idaea but not to the same extent a,s short 
days a-t 5^8, Long days at 3^8 prevented full hardening from developing 
in V. myrtillus compared with short days at 3°C, The symptoms of the 
onset of doxmancy in V , myrtillus and V, uliginosum occurred at the low
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temperature treatments only,
The greater length of growing season at lower latitudes, with 
longer daylengths before the Vernal Equinox and despite the similarity 
of mean temperatures with more northern latitudes, (see frost resist­
ance section) is supported by the growth cabinet studies in which -
(a) longer daylengths promote earlier bud-break in V, rnyrtillus
at the same low temperature, and
(b) longer daylengths prevent hardening from fully developing
in V. myrtillus.
The suggestion that sliort seasons cease immaturity in V. myrtillus 
and V, vitls-ldaea on ben Lui (see frost resistance section) is also 
supported by growth cabinet studies in which after 85 days, these two 
species are continuing to grow at low temperatures, whereas V. uliginosurn 
has stopped growing.
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PART IV - GEiOIRAL PISCUSSIOW AND CONCLUSIONS
Scbimper (I89O, English translation 1903) pointed out that the 
ecology of plant distribution would in the future 3ean hoaviiy on 
experimental physiology, and this approach has been taken up by many 
workers, some of whom arc referred to in previous sections.
The present study,of the frost and drought résistance of three 
Vaccinium species has revealed relationships between several aspects of 
their distribution and their response to environmental factors. These 
conclusions Ijavo been fuliy discussed in previous sections and are now 
listed below.
(1) Tlje most important environmental factor influencing the frost
hardiness of the Vaccinium species has been found to bo daylength.
(P) V. rny'-nti .1 lus is thought to have a longer growing season at more 
southern latitudes because of daylength (see frost resistance 
section and Eigura 18), This is supported by
(3) growth cabinet studies, in which altliough temperature had a 
signifi.cant effect on bud-break in V. myrtillus and V. vitis- 
idaea, the longer photoperiods at induced earlier bud~break, 
and
(4) grow til cabinet studies, in which long photoperiods at 3^8 re­
tarded the development of frost hardiness in V. myrtillus,
(5) Growth cabinet studies have shown that the rate of grov/th after 
bud-break is faster at 20^0 than at 3^G. At 3^C, the final 
growth of all three Vaccinium species w'as greatest a.t the
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longest photoperiod. Photoperiod is thought to have a 
nutritional effect,
(6) Daylength, oil though not statistically signif icon t, has also 
been found to be the predominant environmental factor in­
fluencing tlie variation in drought resistance of V, vitis-idaea, 
but it is thought that this relationship between photoperiod 
and drought resistance is complex. Drought resistance is also 
affected by age,
(7 ) Temperature has been found ^predominant in influencing the 
seasonal frost hardiness of V, uliginosurn. whi.ch hardens to a 
maximum of compared with a maximum of -15^0 for the other
two Vaccinium s%peoies on Ben Lui.
(s) Growth cabinet studies have also shown that bud-break in 
V, uliginosurn is influenced by temperature alone,
(9) Temperature has also been found to predominantly influence the 
seasonal variation in frost hardiness of V, myrbillus from 
Garelochhead. This is thought due to some effect of shading 
on the growth and development of the plant. This explanation 
is also thought responsible for
(10) the poor stomatal control shown by this species (drought resist­
ance section), compared with the open si he at Milngavie floor,
(11) Rainfall has been found to be a factor significantly influencing 
the frost hardiness of V. myrtillus, .Milngavie floor, and
V. myrtillus and V. vitis-idaea. Loch Katrine. It also exten­
sively contributes to drought resistance in V. vitis-idaea.
f%lhain Tarn and Loch Katrine, Lov/ rainfall in all cases 
induced an increase in hardiness.
(12) It was found, that the maximum frost hardiness developed in 
V. myrtillus and V , vitis-idaea at 2,250 ft. (765 m) on Ben 
Lui was less by about 5^0 than the hardiness developed in 
the same species at low altitudes. It is thought that there 
is an inefficient response to hardening stimuli, because of 
immaturity due to the short growing season at the hi^ d'ier alti­
tudes (see frost resistance section and Plate IO). This idea 
is supported by
(15) growth cabinet studies, in which gqrowth of V. myrtillus and 
V. vit is- idaea was continuing after 85 days at 5^ 0^. whereas 
V, uliginosurn had stopped growing,
(14) Because of (12), snow cover is thought essential for survival 
of V, myrtillus and V. vitis-idaea at high altitudes. Prost 
hardiness of V. vitis-idaea, Ben Lui, turf form, under snow, 
has been found to be less than minimum air temperature in 
spring 1969 (Figure 11).
(15) Short days at 18^0 have induced hardening in V. vitis-idaea 
(growth cabinet studies).
(16) The greatest liardi.ness induced in the grow^ th cabinet studies 
was -15.1^C in V. vitis-idaea, kept at 5^8 and short days for 
nine weeks with a further three weeks in the dark at 5°8,
(17) V, vitis-idaea. Ben Lui, turf form, apart from exhibiting xero- 
moinhic characteristics (Table 1 ), also exhibits a higltcr trans­
piration rate, lower relative water contents at stomatal closure
and a gyeater drought hardiness than V. vitis-idaea, Ben Lui., 
ledge form. V, vitis-idaea has thus adapted to the more 
xeric turf habitat, both by reduction of the phenotype and 
also by physiological adapta,tiens,
(18) V. myrtillus. Ben Lui, turf form, also exhibiting; xeromorphic
characteristics, only differs physiologically from the ].edge 
form when %.)lants are more mature.
(19) V. uliginosurn exhibits a similar physiol.ogical behaviour to
the large-leafed V. myrtillus.
(20) It has been possible to distinguish between the more xero-
morphic species, Y. vitis-idaea, and the mesomorphic or hygro- 
morphic species of V. myrtillus and V. uTiginosum.
(21) V. vi I is-idaea, forms forgo a degree of stomatal closure in the
spring which effectively lengthens the period of assimilation 
by allowing gaseous exchange to take place over a, wide range of 
water deficits,
(22) In genora.l, the periods of maximum frost and drought hsirdiness
of V. vitis-idaea correspond well, the greater hardiness of both
being in winter (cf. Pisek and Larcher, 1954)» however, the 
situation appea.rs to be more complex when specific individual 
values are considered, and tdiereforo no significant correlation 
is observed. It thus appears that frost and drought hardiness 
of V, vitis-idaea show a differential response to changes in 
envd ronmental factors,
Metcalfe (1950) and Burges (1951) both have suggested that snow-
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cover in essential for survival of V. myrtill.us in the Cairngorm massif, 
and it competes less successfully with Calluna at the lower limit of 
snow protection [about 3,123 ft. (930m)] (Burges, 1931). In Scandinavia, 
snow cover is thought to determine the altitudinal limit of both V. vitis- 
idaea and V. myrtillus, (see Ritchie, 1933; 193^), frost damage to un­
covered plants being the limiting factor. Although it has been suggested 
that frost-drought damage is responsible for limitations (e.g. Michaelis, 
1934; Trancpiillini, 19^7; Hava..s, 19^9), the present study has substan­
tiated the suggestion of Metcalfe (l930) ard Scandinavian workers (see 
Ritchie, 193^) that damage could be due to frost,
Althougri frost hardiness levels in V. myrtillus and V, vitis-idaea 
at high altitude [2,230 ft, (763 m)] on Ben Lui remained greater than the 
minimum air temperatures, levels were less than minimum air temperatures 
on four occasions [see (14) above]. It is probable, also, that minimum 
temperatures at ground level are lower than minimum air temperatures, due 
to a micro-climate effect (sec Figure 1, 1-3 hours). No damage was 
observed in this turf form of V. vitis-idaea because of the protection 
of snow cover. It is thought that although maximum frost hardiness in 
high altitude forms is not as great as lowland forms, this in itself does 
not cause limitations to the species at the altitude studied, but since 
daylength has such a marked effect on variation in frost hardiness, de- 
hardening caused by longer daylengths will begin from a, lower level of 
frost hardiness. Thus in late spring, before the new growth sets in, 
when frosts are still common, the plants will be susceptible to damage, 
especially if not covered by snow. Altitudinal limits are thus thought
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to be set by frost damage in the spring, occurring in Vj myrtillus 
and V. vitis-idaea not covered by snow. V, vitis-idaea appears to lose 
hardiness earlier than V. myrtillus (Figures 10 and 11) and may be more 
susceptible for a longer period. Maximum levels of hardiness reached 
at higher altitudes are unlikely to differ greatly from those attained in 
the study area [2,2^0 ft. (?65 m)j, and may also be the cause of altitudinal 
liîTiitations in areas of little or no snow cover.
The greater length of growing season, and the longer winter daylength 
(causing an earlier dehardening) at more southern latitudes [see (2)-(4) 
above] mean that V. myrtillus will be potentially more susceptible to early 
and late frosts, end this mey cause altitudinal limits to its distribution, 
especially by the possible frost damage to new growth in the sprl.ng, bo 
latitudinal limits to its distribution, however, are thought due to this 
factor. No evidence hcis been found to explain the southern limit of 
V. vitis-idaea. The possibility of an altitudinal limit by dama.ge to 
young growth as mentioned above is supported by Zobel (1969) who found that 
Pinus pungens appeared to be limited altitudinally by low temperature injury 
to new growth.
Although V, uliginosurn is at its most southern limit in Britain, it 
does not appear to have lost its capaoi.ty to harden against frost damage.
As mentioned in the frost resistance section, V, myrtillus and V. vitis- 
idaea generally appear to have a maximum frost hardiness which is much less 
than hardy arctic-alpine plants. It would seem, therefore, that capacity 
to frost harden is genetically determined, though woodiness may liave a 
small effect - V. uliginosurn being woodier than the other two species.
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It is not known v/hat cans os the latitudinal or altitudinal limit of 
V. uliginosurn in Britain.
Ritchie (1953) suggests that V. vitis-idaea shows some preference for ■ 
well-drained slopes, and from the present study thi.s m y  be due to the 
faCt that this species is xeromorphic in character and thus better adapted 
to drier habitats, especially the turf form which exhibits greater xero­
morphic characteristics [see (17) above.], as well as greater physiological 
adaptations to xeric habitats. It is thought that the restriction of 
V. uliginosurn to wet montane ledges in the area studied, is due to the 
more hygropliytic characteristics of this species and a probable Inability 
to compete successfully for water when this is in short supply e.g. on the 
turf habitat.
The usefulness of relative water contents in measuring stomatal clos­
ing points and drought hardiness has been demonstrated, and it has been 
possible in thiis study to distinguish between different habitats and dif­
ferent species of Vaccinium using these techniques.
Growth cabinet studies have demonstrated how well growth and physio­
logy can be controlled and measured, and it has been possible to relate 
the physiological findings from these artificial studies to the ecological 
situation in the field.
Apart from revealing aspects of the distribution of the three Vaccinium 
species and their relationship to the environment, this study has shown 
how artificially controlled environment studies and physiological measure­
ments of field material can contribute to an understanding of the ecology 
of certain plant species.
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APPENDIX 1. The effect of moisture content on the frost
hard iness of Va,ccinium vitis-idaea 
Loch Katrine, collected 17-12-68
In Levitt's review (1953), it is shown that many workers have 
found an inverse relationship between moisture content and frost hardi­
ness while many others have found no such %'olationship. If moisture 
content does affect frost hardiness, inaccurate measurements may arise 
due to water deficits in the plant. An experiment was set up to 
exo,mine the effect of water content on frost hardiness of V. vitis-idaea. 
Loch Ka/brine.
Seventy two shoots of V. vitis-idaea were allowed to saturate by 
standing overnight in water in glass jars. Four samples of nine plants 
were then selected at random, each plant weighed, and the samples placed 
in an incubator at 28 1)^0 under a 100 watt bulb for l/2 hour, 1 hour and 
2 hours. One sample was not subjected to this drought treatment.
After the drying treatment, each plant from the three treated groups 
was reweighed, placed in glass containers and transferred to a cooling 
bath at -7,2^0 (sec section on frost resistance.methods). The drying 
procedure was arranged so that only one sample of 9 plants was in the 
bath at the one time. The rate of cooling is ve^y rapid (cf. frost 
resistance discussion) because direct transfer to the freezing temperature 
was necessary. Each sample was allowed to equilibrate and left at the 
freezing tem.perature for 5/4 hour, after which it was removed and 
individual plants thawed, cut up and placed in 25 ml. distilled water.
Table A, Dnnage at two temperatures and four moisture contents
V. vitis-idaea. Loch Katrine. 17-12-68
Temperature
-7.2°C -11 .1°0
Moisture
content
Replicates Total of 9 Total of 18 Total .of 9 Replicates
I
(100/)
20.000
17.088
26,950
28.000
58.157
24.186
17.647
54.690
52.941
239.659 946,683 707.024
70,238
78.921
85.211
02.142
86,885
78,064
64.202
79.057
82,304
II
(87/)
20.000
17.948
10,158
15.658
27.956
18,644
21.579
20.558
24.719
174.780 567.297 392.517
45.537
70,875
57.719
47.445
56.054
50.000
56.000
40.404
50.485
III
(85/)
55.928 
28.627 
21,461
24.175
52.552
22.515
22.580
16.578
19.211
223,425 698.556 475.131
45.6 41 
52.127 
59.863 
71.631 
52.459
47.161
58.102
58,912
49.235
IV
(76.5/)
52.085
57.075
26,008
55.714
55.598
25.454
52.558
28,57-1
29.687
309.746 771.631 461.885
48.226
59.597
48.447
48.181
56,896
66.889
49.555
49.866
54.450
Total 947.610 2,984-167 2,036,557
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Conductance measurements and autocl.aving were made as described in 
section on frost resistance methods. This procedure was repeated for 
a second set of 4 samples at a freezing temperature of -11,1^0, Dry 
weights of individual plants were finally determined, and relative water 
contents were calculated. The mean relative water content of each 
sample was then calculated. Indices of damage were calculated for each 
plant (frost resistance section) and the results ere presented in Table A. 
The means are presented in Table B,
Tab!e B, Means of indices of injury at two temperatures and four'
mo 1st u. r' e c o n tent s;
Moisture
content
Teiqperature
-7 .2°c -11.1°C
I 100/ 26.629 78.558
II 87/ 19.^20 43.613
III 85/ 24.825 52.792
TV 76.5# 34.416 51.321
Least significant difference ~ 8,59 units of injury
Analysis of variance was carried out on results in Table A, and results 
are presented in Table C, Replicates contribute no significant vari­
ation to the analysis, and the interactions of replicates with other 
factors are included in the residual (error) sum of squares.
Table I), Analysis of variance after partitioning
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance 
tetlo )
Replicates 8 492.197 61,525 0.777
Temperature 1 16,466.655 16,466.855 207,962***
Water level
(a) I versus rest 1 2 ,979.527 2 ,979.527 37.626***
(b) within rest 2 1,191.154 595.567 7 .521***
sub-total 5 4 ,170.461
W X Ï
(a) I versus rest 1 2 ,825,059 2,825.059 35,652***
(b) within rest 2 284.654 142.517 1.797
sub-total 3 5,107.675
Residual 56 4,454.211 79.182
Total 71 28,671.597
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Tab1G C . Analy3is of variance of resuits in Table A
Source of 
Variation
Degrees of 
Freedom
Sum of 
Squares
Mean
Square
Variance / \ 
Ratio
Replicates 8 492.197 61.525 0.777
V/a ter 1 eve I s ( W ) 5 4 ,170.461 1,590.154 17.556***
I ’e mp e r a t u r e ( T ) 1 16,466.855 16,466,655 207.962***
W X T 5 5,107.675 1,055.091 13.002***
Residual 56 4,454.211 79,102
Total 71 28,671.597
-X X X
( p <  0 . 0 0 1  )
Least significant difference between
any pair of V/ x T means  ^0.59 units of injury
Interact].on is seen between tenqerature and waten? level and this 
wa,s thought to be due to the vari.able effects of temperature at the 
different water levels « Inspection oi‘ Table A reveals no pattern to 
this interaction, but it is obsei'ved that the figure for 10O/ RV/C at-11,1^0 
(707.024) is rather large compared with the others. The significant 
interaction might be due to an interaction between I and the other water 
levels, Sums of squares of water level s and W x T interaction were 
partitioned, and results presented in Table D,
From Table D, a significant interaction is observed between I and the 
rest, with non-significance being observed within water levels II - IV.
This indicates the source of significance of the W x T .interaction in 
Table G.
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Discussion
A highly significant v/ator level x temperature interaction is 
observed between those treatments with 100/ moisture content and those 
with lower moisture contents.
Inspection of Table B indicates that lower water contents modify 
the increase in damage due to freezing observed in the fully saturated 
treatments,
V/hen damage due to freezing is slight in fully saturated material, 
lower moisture contents appear to have little effect in reducing this 
damage. When damage due to freezing is extensive in saturated material 
lower moisture contents have a significant effect in reducing this 
damage,
,It is therefore concluded tiiat lower moisture contents signifi­
cantly reduce frost dam?,ige to the tissue of Vacc i niujn vi t i s - id aea only 
at temperatures which are likely to cause extensive damage.
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APPENDIX 2p Plant species quo bed In text
The specif:i.o names of several of the species quoted in the text 
have been altered since the date of the research quoted. A list of 
the names of all species with authorities is given below and the present 
name included if different.
Floras by Bailey (l949), Cla.pharn at ah. (1962), Dallimore and 
Jackson ( 1 9 6 6 ) ,  Watson ( 1 9 6 8 )  and Flora Europaoa ( 1 9 6 4 ,  1 9 6 8 )  have been 
referred to. Names are in alphabetical order.
High or _j) 1 ants 
Abelia R, Hr.
Acer negundo L.
Be tula Lc spp,
Calluna vulgaris (L.) Hull 
Chrysopo non Trin.
Citrus sinensis Osbeck 
Convallaria majalis L.
Corylus avellana L.
Emp e trum n igrum L.
Erica cinoroa L.
Erica tetralix L„
Festuca ovina L.
Fraxinus excelsior L.
TjOi.seleuria procumbens (L. ) Desv.
Maianthemum bifolium (L.) Schmidt
Higher plants (contd)
Melarapyium pr^ itonse L„
Picea excel sa. Link. Pice a abies (L.) Karst
Pinus cernbra L,
Pinus montana Miller - Pinus mugo Turra 
Pinus pungens Lamb, ex Michx, f,
Platanus occidontalis L.
Populus deltoïdes Marshal1 
Quereus L. spp.
Qunrcus ilex L.
Rhododondron ferrugpnoum L,
Salix herbacea L,
Saxifraga oppositilolia L.
S a x i f s t e l l a r is L,
Sedum rosea (Ii. ) Scop.
Si 1.one acaul is (L.) Jaccj..
Stipa L.
Ulex europaeus L,
U1 ex gal 1 'ii Planch .
Vac c in :Lujn myrt il lu s L,
Vac c i.niurn u 1. i gino sum L,
Vac c in ium vi t :i s - id aea L.
Viburnum plieaturn var. tomontosum Miq,
Pter.1 diujn aguilinum (L. ) Kuhn.
Bryophytes
Khgic omi tr ium lanupp nos um ( H e d w. ) Brid .
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APPENDIX 5 « Staticti cuD methocls
An aly sis oP var i anc e
In the frost resistance section and growth cabinet studies,
hardening experiment, it was necessary to distinguish variation in
t^Q values from random variation in the sampled populations. No
direct way of comparing t^^ values was discovered but it was found
possible to compare indices of injury at different freezing levels
at vai'ious times throughout the year. Five freezing levels were
common to all determinations throughout the whole year - 45^0, “4^8,
-8^G, -12°C and -16°C and the indices of injury at eacli of these
levels were compared throughout tl-e year by Analysis of Variance,
using methods of calculation given by Snedecor and Cochran (l96?).
The alteration of tr-_ wi.th time reflects the reaction of the50
tissues to freezing level at different times lienee a significant inter­
action between freezing level and time indicates a significant alter­
ation in t,.„ value.50
A typical exarajile is given belov/, though the figures have been 
simplified for clarity. Figures in brackets are estimates of missing
values. A degree of freedom is lost for each estimate.
Since replicates have not been randomized, the sum of squares due 
to replicates has not been extracted in this analysis. InQialysis of 
growth cabinet studies, sura of squares due to replicates is included 
since randomization was carried out.
Calculation (see Table A)
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( 1 ) Total suio of squares (X ind:lvi(3-ual Index of injury)
X x ^  -  f / N  = 95854.11
(2) Freezing level
Sum of squares ~
(3) Time
Sum of squares =
+ .
20
:L_(59f _2 - f / N  = 70911,26
(503)^  + ..... + (689)2
10
T /N  11623,61
(4 ) It-e e zing level x t i mo ;
Sum of 
squo.res (193) 4-
2
+ (7 5 ) ■- f / N  -  70911.26 -  11623 .81 =-■ 11046.54
An analysis of variance trj.ble is now set up (Table B) in which all
sources of variation given above are compared with the residual variation,
tills latter being a measure of variation of individual plants„
The variance ratio, P - Kean, square of .item is calculated and if
Kean square of residual
P is greater than that value given in tables for the level (p<0,03) 
then thSvt item contributes signi.ficantly to variations in the e.xperi)!ient.
( p < 0,05) ;  * *  ( p < 0 , 0 l ) ;  ( p < 0 , 0 0 l )
Table B, Analysis of variance table. V. myrtillus, Garelochhead
Source of 
Variation
Degrees of 
Freed orn
Sum of 
Squares
Mean
Square
Variance / 
Ratio
Freezing level (p) 4 7 0,911.26 17,727,82 312.06***
Times (t ) 9 11,623.81 1,291.33 22.73"*^
F X T 36 11,046.34 306.83 5.40''-''"'
Residual
1.
40 2 ,272,30 36.81
1 Total 69 (99-10) 93,834.11
...... -,..............................
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Conclusion: The very highly significant interaction between freezing
level and times indicates that t^^ values vary significantly with time.
The residual mean square (f6,8l) is the sample variance, s“ of the 
population.
The standard error of the difference between two means, j2s , is
V XI
calculated for the freezing level x times means, i.e. the mean of the 
total of each two replicates.
In tîie example n 2 and the standard error = 7 «537 ^ ( ^ 36,81 ).
The 3f value of t with 40 degrees of freedom is 2.02. Hence the 
difference between a specific pair of freezing level x time means is 
significant at the 3/1 level if it exceeds (2.02) (7,537) =" 13.22 units 
of injury. This value is the least significant différence (L8D) be­
tween any pair of interaction means.
In the example, a difference of 13,22 units of injury around the
30/Û index of Injury level is equivalent to a difference of 0.8^0 in
summer and 2.3^0 in winter between t^^ values. These are estimated 
from the freezing curves, and. the difference between summer and winter 
occurs because the slope of the gra%)h with which t^^ is determined is 
steeper in summer than in winter.
Multiple regression analysis
.Additional information about a dependent variable Y is obtained 
by means of a multiple regression on several X's.
In the present study, multiple regression is used for -
(l) constructing an equation in X's that gives the best prediction 
of the values of Y.
Table C , Kaltiple reft'ression. Vacciniain myrtillus. Ben Lui
ledg'e form
Date ^1 X, Y
16. 5.68 4.1 16.3 - 6.2
30. 5.68 9.4 17.1 - 5.1
12. 6.68 13.2 17.5 - 4.3
5. 9.68 6.9 14.1 “ 3.9
3.10.68 7.8 12.0 - 6,0
25.11.68 3.8 8.0 -12.1
7. 1.69 1.3 7.1 -11.1
17. 2.69 -3.2 9.5 -12.7
15. 4.69 3.4 13.8 - 7.8
28. 4.69 3.6 14.8 - 8.4
10. 6.69 7.8 17.3 — 6,2
29. 7.69 11.8 16.6 - 3.8
Total 71.9 164.1 -87.6
Mean 5.99 13.67 - 7.30
>-X^^
G =
670.430
430.800
239.630
- mean temperature (*^ C) 
Xg = mean daylength (hours) 
Y = t^Q value (°C)
= 1,117.910 
c = 903.230
Xg = 134.680
- 381.360
-  524.870
Ix^y = 143.510
I x /
C
S x /
= 2 ,396.250 
= 2,244.067 
152.133
ZXgY
C =
-1,089.070
-1,197.930
108.860
749.340
659.480
109.860
I C . J
(2) discovering wliloh variables axe related to Y and rating these 
in. order of importance.
Normally calculations involving three or more X-variables are done 
on standard electronic computer programs, two of which have been used 
in the present study. however, an example with two X variables is 
given below, using the method of calculation of Snedecor and Cochran
(1967).
Given a sample of n values of (Y, X, , X^) 'Uio sample regression
or prediction equation is
Y a f b^X^ -t- b^Xg 
where a = Y - b^X^ - b^X^
- (Z x^2)(/Lx^y) - (). x.jX^)(Zx^y) 
bg = (l-x^^)(Zx^y) - ( Zx.^x^)(^x.jy)
"  ~  Ï Ï
Using the above equations and Table C, a - -14.6884, b = 0.3916, 
b^ = 0.3687 and Y - -14.6884 -i- 0.3916X^ H- 0.3687X^.
The contribution of regression to variation in Y
v /h e re Z y ^  ^ b . j ^ x . j y  u b ^ ^ L x ^ y  =- 9 6 .3 3 5
i.e. 0^ variation duo to regression  ^ ’ïof™^0 ^ “ 87.69/^
The sign:ificence of the regression is calculated from the variance
ratio, P, where
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F = ____ Regression mean square (^y^/k-1 )_____
’.Deviations or Residual mean square
with (k-l) and (n-k) degrees of freedom (k - total number of variables).
In thu oxo^vïTiple 1 - _ ^2,052"’^^ ' Variance due to regression
is very highly significant (p< 0.001).
Regression coefficients cannot be simply compared since a correction 
for scale is necessary. This correction is/Sx^/^y^ and the standard 
partial regression coefficient (p) so formed - b /5.x_
In tlie example, the standard partial regression coefficient of
p., - J fo f l lo  “ 0.5780
and of Xg
Pg = 0.3687 = 0.4336
Comparisons of these gives the contribution of
X. to the regression 0.6780 100 ,
O.dfcO r o './|336 " IN 12/0
Xg to the regression (100.00 ~ 67.13) 42,87/L
Methods of calculating significance of individual coefficients 
are given in Snedecor and Cochran (1967). Multiple regressions with 
more than 2 X variables are also considered.
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